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FOREWORD 

This report describes a study of optoelectronic data buses conducted by 

Spectronics, Incorporated; Richardson, Texas. The work was performed for 

the System Avionics Division, Air Force Avionics Laboratory, Wright-Patterson 

AFB, Ohio. The work was done on contract number F33615-73-0-12172, Project 

2003, Task 2003 07. The United States Air Force project engineer was 

Mr. K.C. Trumble of the Information Management Branch (AFAL/AAM). 

Dr. J.R. Biard was the principal investigator of the program. He 

was assisted in the preparation of this report by Dr. J.P. Mize. 

Research on this contract was conducted from April 1973 to December 1974. 

The draft report was submitted for approval in February 1975. 

The author wishes to acknowledge the contributions to this program 

made by K.C. Trumble and D.A. Zann of the Air Force Avionics Laboratory, 

Dr. J.P. Mize, J.E. Shaunfield and J.F. Leezer of Spectronics, Inc., 

and Dr. K.W. Heizer of Southern Methodist University. 
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CE 

VR 

V 

X 

a 

vn 

pn 

Diode reverse bias voltage V 

Electron and hole drift velocities m/s 

W Depletion layer width m 

Distance, general ■ 

LIST OF GREEK SYMBOLS 

Attenuation coefficient m"1 

1.5(T/2) Fractional response of amplifier 
at T/2 

n Quantum efficiency 

e Angle from axis 

e Angle between incident ray and 
normal to surface 

e Angle between refracted rav and 
2 normal to surface 

X Wavelength "■ 

p Carrier mobility cm2/V-s 

u Carrier mobility, low field value cm2/V-s 
o 

Electron mobility cm2/V-s 

Resistivity, n-type ohm-cm 

xxiii 
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LIST OF SYMBOLS (continued) 

SYMBOL DEFINITION UNIT 

♦o 

X 

u 

Effective time constant of 
photodiode 

AC component of optical power W 

Incident optical power W 

2irfb = ub m 

Angular frequency rad/s 

Noise corner angular frequency rad/s 

xxiv 
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excess of 200M bit/s (Manchester), 

The following paragraphs summarize the study items covered in 

Volume I of the report. 

• The characteristics of optoelectronic signaling and 

detection are discussed in detail. This discussion 

includes the unique features of unipolar Manchester 

signals, a study of clock recovery and synchronization 

in a data bus, an analysis of a photodiode preamp 

interface, a detailed presentation of the Spectronics, 

Inc. suboptimum detection scheme an analysis of a matched 

filter detector for an optical receiver, and an analysis 

of a speed-up technique to increase the signal band- 

width of an LED, 

• The analysis of data bus structures is expanded to 

include the radial data bus. The characteristics of 

other structures are reviewed and the terminology is 

revised to allow a more accurate comparison of uniform 

duplex, tapered duplex, and radial duplex structures. 

An approximate technique for designing scrambler rods 

is also presented. 

• The measurement techniques and performance data for 

available optoelectronic components are presented. 

This characterization effort includes evaluation of 

three preamps, several test adapters, an LED driver 

stage, two LED types, four photodiodes, two avalanche 

photodetectors and Galileo fiber optic bundles. 

Appendix V of the report is devoted entirely to a study of radiation 

effects on active and passive optical components. This part of the 

report begins with general background information and terminology 

of the interaction of radiation with matter. It also covers radiation 

damage effects in the specific materials of optoelectronic data 

transmission systems. The presentation then turns to radiation effects 

on the specific components of the optical system and concludes with 

a summary of radiation damage threshold values and failure modes for 

optical system peripheral circuitry such as digital and linear integrated 

circuits. 
2 
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SECTION II 

OPTOELECTRONIC SIGNALING AND DETECTION 

Fiber optic data transmission systems uslnq noncoherent LEDs 

and p-1-n photodlodes have used various slanallng schemes (RZ, NRZ, 

Manchester), with some form of suboptlmum detection scheme In the 

receiver to sense the transmitted bit sequence. Spectronlcs, Inc. 

has featured and employed Manchester coded data in the transmitter 

with a particular suboptlmum detection scheme that has utility in a 

wide range of applications. This section reviews the characteris- 

tics of the Spectronlcs, Inc. suboptlmum detection scheme and com- 

pares its Signal-to-Noise (S/N) ratio performance to that of a 

matched filter. Problems associated with sync detection and signal- 

ing on a multiterminal data bus are also discussed. The preamp S/N 

analysis introduced in Ref 1. is extended and an analysis of an LED 

speed-up network is presented. 

A. MANCHESTER CODED DATA 

Manchester coded data finds great utility in the optoelec- 

tronic transmission of digital data because it has a constant duty 

cycle of 0.5 regardless of the transmitted bit sequence. Since 

there is no information contained in the average value of the Man- 

chester waveform, the receiver may be ac coupled without losing any 

of the data content of the signal. The use of ac coupling in the 

receiver eliminates drift in the preamp and photodiode dark current 

as error souces so that the S/N ratio is determined by the thermal 

and shot noise generated in the preamp and photodiode. 

In Manchester code, a "one" is represented by a clock cycle 

and a "zero" is represented by the logical Inverse of a clock cvcle. 

Thus, a signal is transmitted for both a "one" and a "zero". In 

particular, if the input of a Manchester transmitter is a strinq of 

"ones" or a string of "zeroes" the output is a square wave at 

clock frequency. Manchester data has a signal transition at least 

kMi ,,m -—- —-^ ' ^ — 
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once in each bit time.    This makes it possible to recover the clock 

from the data sequence using relatively simple circuits. 

Light emitted from an LED is not coherent and must therefore 

be treated as a photon flux or power. Thus, a modulated LED emits 

a time varying power that has no negative values. Because the light 

output of an LED can be only zero or positive, an optical Manchester 

signal is unipolar. The conventional Manchester signal used in wire 

data buses is bipolar with equal positive and negative excursions 

and an average value of zero. Figure 1 shows a comparison of bipolar 

and unipolar Manchester signals. For the conventional bipolar signal 

the threshold level of an ac coupled receiver is independent of both 

data sequence and signal amplitude. The unipolar Manchester signal 

used with ac coupling also eliminates data sensitivity of the thres- 

hold level. It does not, however, eliminate threshold shift due to 

signal amplitude as shown in Figure 1. This inherent characteristic 

of noncoherent optical signals is the basis of most of the significant 

differences between the signaling and detection schemes used in opto- 

electronic and wire data buses. 

The dependence of threshold on signal amplitude makes it 

highly desirable to use an optoelectronic data bus structure that 

provides a small dynamic range of optical signals; that is, a 

constant signal level at each receiver on the data bus regardless 

of which station is transmitting. 

If the physical arrangement used is a uniform duplex data bus1, 

then the different values of attenuation between stations will pro- 

duce a large dynamic range in the amplitude of the received signals. 

The resulting transient shifts in threshold level will make it 

necessary to use extra dead time between words to allow the receiver 

coupling capacitors time to discharge. This extra dead time will 

lower the efficiency of the data bus. The efficiency reduction due 
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to this effect will be less at high data rates because the dead time 

required for the propagation delay of the bus can serve as all or 

part of the dead time required for discharge of the coupling 

capacitors. 

If the physical configuration used is a radial data bus, then 

the dynamic ranae of received signals can be reduced to the range 

of 3-4dB2 and the dead time required to discharge the coupling 

capacitors can be minimized. The tapered duplex data bus1 should 

also provide a low dynamic range for the received signals. However, 

the radial construction is less complex and provides a larger 

received signal than either the uniform or tapered in-line configura- 

tions. 

It is also possible to construct an optoelectronic data bus 

which eliminates the dependence of threshold on signal amplitude 

This can be accomplished by using two sets of LEDs, fiber optic 

bundles and photodetectors to form a composite bipolar system from 

two unipolar systems. In this configuration, the LEDs are driven 

with oppositely phased signals so that one LED is "on" when the 

Manchester signal is "high" and the other LED is "on" when the 

Manchester signal is "low". If the signal transmission of the two 

systems are matched, a bipolar electrical signal can be formed at 

the input of the receiver preamp by connecting the photodetectors 

in opposition as shown in Figure 2. This technique has been used 

successfully in optoelectronic data telemetry systems used in EMI 

tests on large electronic systems*. Application of this technique 

to wideband optoelectronic data buses could result in simplifica- 

tion of the electronic circuitry required in the receivers. 

In a duplex data bus, each station transmits to all other 

stations and receives signals from all other stations. With non- 

coherent optical signals and passive optical couplers, it does not 

. ^ ...^-.   „ niBMiaüi 
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appear to be possible to transmit and receive simultaneously nor to 

have more than one station transmitting at a time. Thus, optoelec- 

tronic data buses must operate in a half duplex mode with one station 

at a time transmitting and all other stations receiving. With Man- 

chester coding, half duplex operation cannot be achieved by feeding 

data to the input of one transmitter at a time with "zero" input to 

all other transmitters. Each station with "zero" input will be 

transmitting a clock frequency square wave that will be delayed in 

time by the path length through the fiber bundle and summed with 

all of the other "zero" signals and the data at each receiver on the 

bus. Under these conditions the received signal would bear little 

resemblance to the transmitted data. 

What is required for multiterminal data buses is a three 

state Manchester code consisting of signals for "one", "zero" and 

"off". The "one" and "zero" signals are standard; the "off" signal 

is characterized by no output from the transmitter. This signaling 

scheme can be implemented by gating off all transmitters except the 

one sending out data. Thus, only data signals will be received at 

all stations. This requirement is not peculiar to optoelectronic 

data buses; it is also valid for shielded twisted pair data buses. 

Some other signaling schemes like Unipolar RZ and Unipolar NRZ 

do not require this three level modification for use in data buses. 

These two signaling schemes transmit signal only for a "one" input. 

Therefore, the output remains in the "off" condition for a "zero" 

input and only the station transmitting data is received at the other 

stations. Signals of this type do not have a constant average value 

and are, therefore, not suitable for use with ac coupled receivers. 

Low-noise preamps using either discrete components or hybrid 

construction can be expected to have an output voltage drift of 

20 to 40uV/oC. Thus, for a useful military temperature range of 

-50oC to +100oC the total output drift is 3 to 6mV. The rms value 

8 



"V^, 
1 ""'J" "HWW j^Uipjjlj^jj^ I 11J|._L. .L»..^«^^.^^^^«, „J II 

of the output noise voltage of a low-noise preamp is about 374yV. For 

the type of preamp described later in this report, the output noise 

voltage is roughly independent of temperature and bandwidth. A 

typical bit error rate of 10"8 is associated with the noise peaks 

that are greater than 5.62 times the rms value of the noise; this 

gives an effective peak noise voltage of 2.1mV. Comparing this peak 

output noise voltage (2.1mV) with the output voltage drift (3 tu 6mV) 

shows that for a direct coupled preamp the drift is 1.4 to 2.8 times 

higher than the noise. This ratio is valid for any preamp bandwidth; 

it represents the state-of-the-art for low-roise photodiode preamps. 

For less than optimum preamp designs, the arift and/or noise may be 

different from the values indicated above. For example, an amplifier 

with higher noise could make the drift term look negligible; however, 

the overall performance would be degraded because of the higher 

absolute value of the noise. 

The use of ac coupling in the receiver gives an optical S/N 

improvement of 2.4 to 3.8 times (3.8 to 5.8dB). For many practical 

systems this extra S/N performance is not required and sufficient 

signal is available at the detector to allow the receiver to be 

direct coupled. In particular, this is true for laboratory or 

commercial grade equipment which will have low drift because it is 

operated in a narrow temperature range. For the full military 

temperature range of -50oC to +100oC the use of an ac coupled 

receiver will increase the maximum data rate by 2.4 to 3.8 times 

or will allow 3.8 to 5.8dB more optical attenuation for a fixed data 

rate. 

Problems concerning data bus architecture can often be solved 

by either a unique physical structure (radial bus, differential 

bipolar bus) or by a different logical organization (extra dead 

time, direct coupled NRZ, ac coupled Manchester). If the design 

decisions are made to maximize performance, then the unique physical 

^mttmjm   ——^-"— -■  ^- 
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structures offer the greatest advantage. However, if considerations 

of complexity, flexibility and uniformity govern the design, then 

the best approach is not clear but will probably involve combina- 

tions of unique structure and logical organization that will have 

to be selected to satisfy the requirements of each application. 

B.    CLOCK RECOVERY AND SYNCHRONIZATION 

Continued study of multiterminal data buses has shown that a 

dedicated clock line with a continuous clock signal is not workable 

in a wideband data bus. In particular, with stations transmitting 

one at a time in random sequence, the presence of propagation delay 

dictates that there is no single clock signal that is acceptable 

for the entire data bus. This effect is more noticeable in high- 

speed data buses for which the propagation delay of the bus approaches 

a half bit time. For example, a 32ft long data bus made from glass 

fiber optic bundles having n=1.6 has a propagation delay of ^50ns 

which is also one half of the bit time for a 10M bit/s signal. 

This performance is well within the present capability of opto- 

electronic data buses; therefore, the use of a dedicated clock line 

is not indicated for present or future optoelectronic data buses. 

The use of a dedicated clock line in the Optoelectronic Data 

Bus Demonstrator* made it possible to achieve an error-free clock 

by using a phase-locked loop in the clock channel of the receiver. 

In principal, a phase-locked loop will also work without a dedicated 

clock line. However, this approach is generally unacceptable in 

multiterminal data buses because of the long synchronization time 

of the phase-locke' loon and the resulting loss in data handling 

efficiency. As a result, multlterminal data buses must rely on 

other techniques for clock recovery which are less accurate but more 

efficient than the phase-locked loop. The most commonly used system 

In 1.0M bit/s twisted pair data buses recovers the clock signal from 

the Manchester coded data. Manchester code is Ideal for clock 

10 
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recovery because there is always at least one signal transition in 

each bit time. 

Clock recovery from Manchester coded data is normally 
accomplished by some form of time domain filtering. The Air Force 

Multiplex Standard1" describes a technique of this type which employs 
a non-standard Manchester bit for the synchronizing preamble. The 

use of a non-standard sync bit with time domain filtering avoids 

the potential problem of a standard bit sync pattern which miaht be 
identical to some random sequence of hits occurring in the middle of 

a data word. 

Time domain filtering and sync bit recognition may be per- 
formed by either analoq or riinital means. In low-speed data buses, 
the signal slicing (digital) approach probably gives the best results. 
In this system, the data signal waveform is sampled 8-10 times in each 
bit with an "on-off" decision being made each time the data is sampled. 
The decision as to whether or not a given bit sequence is a sync 
preamble is made by processing the diait.al signal formed by the 
"on-off" decisions at the sample points. In high-speed data buses 
this approach presents a practical problem because of the difficulty 
of implementing the high samoling rate. For example, in a 10M bit/s 
data bus, a 10/1 sampling ratio will require a 100MHz oscillator; for 
a 100M bit/s data rate the same sampling scheme would require a 1GHz 
oscillator. The sampling oscillator is normally not synchronized with 
the received data. Thus, fewer than 8 samples/bit is unsatisfactory 

because of the timing errors that would result. 

Analog detection of the sync bit is similar to the vertical 
sync system used in home TV receivers. A representative analog de- 
tection scheme could be implemented by passing the data signal (as 

received) through a threshold circuit and then integrating the result- 
ing constant amplitude waveform. The detection of a sync preamble would 

be accomplished by analog processing of the signal on the output of the 

integrator. 

11 
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After a sync preamble is detected, the receiver must shift into 

a "data receive" mode. For Manchester coded signals with a suboptimum 

detection technique, the data is normally strobed only one time per 

bit at the center of the bit (T/2). Strobing the data at this point 

minimizes the adverse effects of intersymbol interference1 and, there- 

fore, gives the best S/N for any sequence of bits. It is also custom- 

ary to strobe the data at the end of the bit (T) so that the data can 

be continuously checked for invalid Manchester bits. This test for 

invalid bits requires a larger bandwidth in the preamp to overcome 

the intersymbol interference at the end of the bit. For the Spec- 

tronics' suboptimum detection scheme, a bandwidth increase of 2.5 

times is sufficient and the optical S/N is reduced by 3.95dB. With 

time domain filtering, other more elaborate bit detection techniques 

can be envisioned. At a minimum, time domain filtering implies that 

the timing of the data strobe signal is not completely predetermined 

by the sync preamble but that it can be corrected during the time a 

word is being received. This sort of time domain filtering is some- 

times implemented by strobing the data at a fixed time after a zero 

crossing of the data. The detection of the zero crossing can also be 

time domain filtered by accepting only zero crossings which occur in 

a narrow time interval that is delayed by a fixed time after a data 

strobe. The necessary delay times can be generated by either count- 

ing a high-frequency local oscillator (digital) or by integrating a 

switched dc signal (analog). For the digital technique it is 

necessary to use a local oscillator frequency that is 8 to 10 times 

the bit rate frequency in order to achieve the required timing 

accuracy. For 100Mbit/s a local oscillator frequency of 0.8 to 

1.0GHz is required. The local oscillator is not synchronized to 

the incoming data; thus, timing errors of 10-12.5% of a bit time can 

result. The timing signals for bit detection can also be generated 

using an analog integrator or "one shot" circuit which generates a 

strobe signal that is delayed by a fixed amount from an input 

12 
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trigger. When the analog timing circuit is used, the bit rate is 

the highest frequency required in the receiver. This is a signifi- 

cant advantage for the analog timing circuit in a high data rate 

system. Again the digital techniques are probably best for low- 

speed data buses but lead to practical draw-backs in high-speed 

systems. The analog techniques for sync detection and data detec- 

tion should be thoroughly investigated for possible use in high- 

speed (10-100M bit/s) optoelectronic data buses. 

Whatever sync detection and data detection systems are used 

in a multiterminal data bus, the result will be an increase in error 

rate as compared to a phase-locked loop system. This increase in 

error rate with the time domain filtering is the result of the finite 

probability of clock errors in addition to the data errors observed 

in the phase-locked loop system. It should be possible to hold the 

increase in error rate to a factor of 2 or less. For an error rate 

of 2x10"B the signal only needs to be increased by a few percent 

{^2%)  to achieve an error rate of 10'8. 

C. PHOTODIODE/PREAMP S/N ANALYSIS 

Most of the effort reported in this document has been con- 

cerned with the implementation of multiterminal optoelectronic data 

buses to be used for the transmission of digital signals. However, 

the preamp used in the data bus receivers is a broad band linear 

amplifier that is also capable of handling low-distortion analog 

signals. 

In many practical applications, dedicated optoelectronic data 

channels will be used for transmission of base-band analog signals. 

Typical signals that could be transmitted in analog form are 

• Low Light Level TV (LLLTV), 

• Forward Looking Infra Red (FLIR), and 

• Radar 

13 
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These signals require large bandwidth and usually have limited dis- 
tribution in the aircraft.    Their inclusion in the data bus would 
cause an unnecessary increase in cost and complexity of the system. 

The preamp design and S/N analysis introduced in Ref 1 has 
been modified so that it covers both analog and digital receivers. 
The steady state ac frequency response of the basic optoelectronic 
data transmission channel is presented in Section III B.   The noise 
analysis is based on the use of a transresistance amplifier with a 
silicon p-i-n photodiode; however, many features of the analysis are 

also useful  in designing transresistance amplifiers for use with 

avalanche photodiodes. 

+ I2VO 

IN 

+ ÖBIAS 

O.I7pF 

-I2V 

Figure 3.    Transresistance Preamp for Analog 
and Digital Signals 
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.    .350 „  .432 (4) 

Combining Eqs  (1) and (3) gives the 3dB bandwidth required for a 

specified bit time 

f       JZ1 
Te '      T 

(5) 

Since the photodiode produces a signal current at the input 

of the preamp, the noise of the circuit will be expressed in terms 

of the rms value of the equivalent input noise current. 

The "white" noise sources at the preamp input are shot noise 

on the dc base current of the input transistor, Ig, and thermal 

noise on the preamp Redback resistor, Rf. The mean square noise 

current spectral density due to these "white" noise sources is 

i 
^=2qIB + 4kTa/Rf (6) 

where T. is the absolute temperature of the amplifier, and 
a 

k is Botlzmann's constant 

The "f2" noise results from the various noise voltages in the pre- 

amp input circuit interacting with the capacitance of the photo- 

diode and input transistor. The mean square noise current spectral 

density for the "f2" noise Is 

S-2kV- fö) 
(27ifCT)

2 +4kTa(rs+rb')(2iifCd)
i (7) 
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where IE is the dc emitter current of the input transistor, 

CJ is the photodiode capacitance, 

C-r is the total capacitance at the preamp input, 

r is the series resistance of the photodiode, and 

rJ is the base resistance of the input transistor Tl. 

The noise terms presented in Eqs (6) and (7) are shown schematically 

in Figure 4. The frequency, f , at which the "white" noise is 

equal to the "f2" noise is called the noise corner frequency. 

For the preamp and postamp cutoff frequencies defined by 

Eqs (1) and (2), it has been shown1 that the "white" noise bandwidth 

is 

W   0 (8) 

and the "f2" noise bandwidth used with the spectral density evaluated 

at f0 is 

Aff2 = 1.825 f0=f2 (9) 

Using Eqs (8) and (9) with Eq (7) the total mean square noise current 

at the preamp input is 

4kT 

'nT   R, ̂ -.föM 2{1.825 f0) 
+ 4kTa(rs+r^)(21TfoCd)

2(1.825f0) 

where  Iw is the dc common emitter current gain of the input 

transistor. 
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Figure 4. Equivalent Mean Square Noise 
Spectral Density 
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Using Eq (1) the first term in Eq (10) may be written 

The second and third terms of Eq (10) are both functions of IE. 

The sum of these two terms will be minimum for the optimum value 

of IE. This optimum occurs when the second and third terms are 

equal 

kT 

opt 
-  (2^0CT) yi.825(l+hFE) 

(11) 

(12) 

. 

At the optimum bias point given by Eq (12) the sum of the second and 

third noise terms Is 

I*       ■ 4kT (2T 
112,3 ax ^W(Hfff (13) 

The fourth noise term may be written 

Wd» flf ) (14) 

where Q0 is the photodiode/r^ quality factor at f   given by 

<J = 4kT
a ni, a 

o l 
(15) 

Combining Eqs (11), (13) and (14) gives the expression for the total 

equivalent input noise current at optimum bias 

'XT ■ 4kTa 
1.825C.       1.35CT 

1+h FE 

Jtf* o (16) 
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The following parameter values are appropriate for use in 

Eq (16) based or the use of presently available components. 

Cf = 0.17pF 

Cd = 2.7pF (SPX 1615) 

CT = 6.0pF (MMT 807) 

rs = 15«  (SPX 1615) 

r^ = lOOn (MMT 807) 

l+hFE = 100  (MMT 807) 

(17) 

Using these values Eq (16) becomes 

I2, = 10.2 x 10_32f* + 10.0 x lO-0^ m o o 
(18) 

The term involving f' comes about as a result of the frequency depen- 

dence of of Q shown in Eq (15). 

For analog signals, the amplifier response should be stated 

in terms of the 3dB frequency or the 10-90« rise time. Using Eq (3) 

to express Eq (18) in terms of the 3dB frequency gives 

i2 = i5.5 x io-32fi +18.8 x ur*f! ni e e 
(19) 

From Eq (19) the expression for the rms value of the input noise 

current is 

inT = 4 x 10-
l6fe(l + 1.2 x lO"

8^)1/2 (20) 

For amplifiers with 3dB frequency up to 

fe1 " TT7W - 83MHz (21) 
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the Input noise current Is proportional to f ; for higher values 

of fe the input noise current is dominated by thermal noise on 

rs and r^ and increases as fe. The expression for the noise trans- 

ition frequency is 

.071 
1.35C, 

r v l+h FE. 
(V^bW (22) 

The noise transition frequency can be increased by reducing the 

photodiode capacitance and series resistance and the r!  of the input 

transistor. For the parameter values shown in Eq (17) the limiting 

items are C. and r^. 

Equation (20) depends on the emitter current being optimum 

at each bandwidth. From Eqs (3) and (12) the expression for the 

optimum emitter bias current is 

I. = 1.63 x 10 .11. 

opt 

Typical photodiode responsivities at a wavelength of 907nm range 

between 0.4-0.65A/W with a typical value of 

(23) 

R,, = 0.5A/W (24) 

The optical signal power, pn, required to give a detector signal 

current, is, equal to the rms noise current, i -., is given by 

. .ii 

Combining Eqs (19) and (25) gives the required signal power for 

S/N a 1 vs. the cutoff frequency of the amplifier (which is also 

the signal bandwidth of the system). Thus 

(25) 
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Figure 5. Photodiode/Preamp Noise Characteristic 
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pn = 8 x 10-l6fe(l  + 1.2 x 10-EfeW
2 

Equations (23) and (26) are plotted vs. fe in Figure 5. 

Referring again to Figure 3 the value of fn at the optimum 

emitter current can be obtained by substituting Eq (12) into the 

various "white" and "f^" noise terms in Eqs (6) and (7) 

(26) 

f„ ■ 

1 + 
2V^Cf 

1.35     CT 

1 + 
2.2^7 C{ 

CTJ 

1/2 

(1.67fe) (27) 

wehre Q   is the photodiode/r^ quality factor at fe given by 

%- (rs^)(2.feCd) 
(28) 

The total equivalent noise bandwidth, Afa, of the amplifier 

is given by 

Afa - 2f0 = 2.48fe 

A common figure of merit for optical receivers is noise equivalent 

power (NEP). NEP is defined as 

NEP = _^n_ 

Combining Eqs (26), (29) and (30) gives 

(29) 

(30) 

NEP ■ 5.1 x lO-^fg'/'d + 1.2 x lO-9^)1/2 

This expression is also plotted in Figure 5. 

(31) 
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For a signal bandwidth of 40MHz this photodiode/preamp inter- 
face has an NEP of about 3.9 x lO"12 W/Hz1'2.    By comparison, the 

Texas Instruments, Inc. avalanche diode module (60mil diameter 

detector) at the same signal bandwidth has a quoted room tempera- 

ture NEP of 5 x 10-13  W/Hz^.    Thus, at 250C the avalanche detec- 

tor module requires 7.8 times (8.92dB) less signal power than the 

photodiode/preamp interface.    As the temperature is increased to 

100oC the noise of the avalanche module will increase by about 

2.5 times due to the change in bulk dark current.    However, the 

noise of the photodiode/preamp interface is essentially independent 

of temperature.    Thus, at 100oC the NEP of the avalanche module will 

only be about 3 times better than the photodiode/preamp interface. 

The preamp is a shunt feedback amplifier which provides an 

output voltage in response to an input current.    The transimpeaance 

of this amplifier is within a few percent of the feedback impedance. 

Thus, for frequencies less than f0 the transresistance of the ampli- 

fier is equal to Rf.    For each different bandwidth the value of Rf 

is specified by Eq (3) 

The rms value of the output noise voltage of the preamp is given by 

multiplying Rf from Eq (32) by the equivalent input noise current 
from Eq (20) 

on nT Rf ■ 3.74 x 10-Ml + 1.2 x 10-8f )1/2 (33) 

For frequencies less than f^ = 83MHz the rms output noise vnltaqe 

is constant at 374uV regardless of the bandwidth of the amplifier. 
This result is used in Section II.A. in the discussion of the 

relative magnitude of noise and drift at the output of the preamp. 
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In order to obtain an acceptable output drift, additional 

drift cancellation elements must be employed in the circuit of 

Figure 3.    The two major sources of drift in the preamp are the 

VBE and I« drift of the transistor Tl.    These two drift sources 

can be effectively cancelled by following the preamp with the 

emitter follower stage shown in Figure 6.    The emitter follower 

transistor T4 should be matched to Tl in Figure 3 and the emitter 

follower bias current must be set at IL 
opt 

Vl 
12V 

opt 
(34) 

The physical component layout should be designed to keep Tl and T4 

at the same temperature. With adequate matching and layout, the 

combined circuits of Figures 3 and 6 will provide an output voltage 

drift of 20 to 40yV/oC. 

+5V 
o 

:,t 
o 1 /\A/V^M^4 

x x 

-12V 

Figure 6. Emitter Follower for Drift 
Cancellation 
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D. SUBOPTIMUM DETECTION SCHEME 

The Spectronics, Inc. suboptimum detection scheme for 

Manchester data is based on the photodiode/preamp interface de- 

scribed in Section II.C.    The receiver is shown in block diagram 

form in Figure 7.    The photodiode is direct coupled to the shunt 

feedback preamp which is ac coupled to the postamp.    The average 

value of the Manchester signal will appear across the coupling 

capacitor in the receiver.    As a result, the signal past the 

coupling capacitor will have the form of a bipolar signal with 

positive and negative peak values that are one half of the peak 

value of the signal voltage ahead of the coupling capacitor. 

Figure 8 shows a typical unipolar Manchester signal and the signal 

voltages on each side of the coupling capacitor. 

The Manchester signal can be decoded by sampling at either 

T/2 or T.    However, sampling at T/2 is used in the Spectronics, Inc. 

suboptimum detection scheme because it gives the best S/N for all 

bit sequences with the worst case being a string of "ones" or a 

string of "zeros".    The value of signal current, i  , at sample 

time (T/2) is •      ^ 

v™ - T[^Ä] »I 
where Is is the steady state signal current, and 

H(T/2) is the fractional response of the two pole amplifier 

chain. 

The factor 1/2 is the result of the coupling capacitor charging up 

to the average value of the signal. In order to keep the S/N com- 

parison of the matched filter and suboptimum detection scheme 

manageable, the only bandwidth limitations that will be considered 

are those in the receiver. This means that LED cutoff, pulse dis- 

tortion in the fiber optic bundle and transit time cutoff in the 

photodiode will be neglected. Also, the noise terms involving Q 
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Figure 8. Manchester Code Waveforms 
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will be neglected. These four effects are Important only at high 

data rates. Section II.G. shows that LED bandwidth can be extended 

by about a factor of 10 using speed-up techniques. In Section IV.D.. 

the measured rise time with speed-up for an edge emitter LED 

(SPX 1527-DB) is 1.1ns. From Eq (4), this corresponds to a 3dB fre- 

quency of 318MHz. Thus, neglecting LED cutoff will not introduce 

serious errors for data rates up to 300Mbit/s. From the discussion 

in Section IV.F.. the pulse distortion of a fiber optic bundle is 

dependent on the length of the bundle and the NA of the light 

coupled into the bundle. For 150ft of Galileo fiber optic bundle 

and NA = 0.24, the expected pulse distortion is At = 2.66ns; this 

corresponds to a 3dB frequency of about 164MHz. Thus, neglecting 

pulse distortion in the fiber optic bundle will not introduce serious 

errors for data rates up to 150Mbit/s. An analysis of the SPX 1615 

p-i-n silicon photodiode presented in Appendix I shows that the 

transit time cut off frequency is 330MHz. Thus, neglecting the 

photodiode transit time cutoff will not introduce serious errors 

for data rates up to 300Mbit/s. Section II.C. shows that the 

effect of Q is to introduce excess noise above a noise transition 

frequency f^. From Eq (21) ftj = 83MHz; this value is consistent 

with measured amplifier characteristics presented in Section IV.A. 

Thus, neglecting excess noise due to qo will not introduce serious 

errors for data rates up to about 75Mbit/s. This latter condition 

is the most severe limitation on the analysis. 

For the two-pole low-pass characteristic defined by Eqs (1) 

and (2). the fractional response at T/2 is1 

1 - c{T/2) ■ 0.784 (36) 
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and the signal current at (T/2) from Eq (3) is 

is(T/2) 
!l r .784  l 

~ TL2 - .784] 
(37) 

is(T/2) = 0.322 Is 

Since the photodiode produces a signal current at the input 

of the preamp, the noise of the circuit will be expressed in terms 

of the rms value of the equivalent input noise current. The ratio 

of signal current, is(T/2), to the rms noise current, in, gives 

the S/N ratio that is needed to calculate the error rate. Both 

analysis and experiment have shown that the receiver is preamp 

noise limited. Since the shot noise on the photodiode signal cur- 

rent is negligible compared to the preamp noise, the equivalent input 

noise current is the same value for both "on" and "off" conditions 

of the LED. In this case, a S/N ratio of 

f-=  5.62 
n 

(38) 

is required to achieve a bit error rate of 10"8 (Ref 1). 

Combining Eqs (1), (3) and (16) with Q0»l gives the expression 

for the minimum noise of the suboptimum detection scheme in terms of 

the bit time 

1.35 C, 
i^4kTa(f)[cf+(1+hFE)l/2 (39) 

For the minimum noise condition and the parameter values of   Eq (17) 

the noise comer frequency from Eq (27) is 

n 1.61f. 
1.14 (40) 
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Combining Eqs (37-) and (39) gives 

(.104)(TIS)
2 

4TTkT. 
1.35 C, 

Cf + (l+hp^1/1 

For the typical parameter values shown in Eq (17) the S/N current 

ratio for .the suboptimum detection scheme is 

Y-= yfZx 1015   IJ (42) 

Equations (39), (40), (41) and (42) are valid for present components 

at data rates up to 75Mbit/s which corresponds to T > 13.3ns. 

E. MATCHED FILTER DETECTOR 

Much of the effort on practical matched filter detection tech- 

niques has been concerned with systems limited by "white" noise. The 

integrate and dump system7 is one common matched filter detector used 

with square pulses in "white" noise. The general theory of matched 

filter detectors requires that the frequency dependence of the 

noise be included as a part of the matched filter characteristic. 

A fiber optic data transmission system has two unique design con- 

straints, both of which are related to the noise. First, the dom- 

inant source of noise is the first stage of the receiver; this places 

the noise characteristics somewhat under the control of the designer. 

Second, the basic nature of the photodiode/preamp interface insures 

that there will be a significant "f2" noise term present. Thus, even 

though the equivalent Input noise characteristic of the preamp can be 

optimized by the designer it will always be "non-white" with the 

general characteristic shown in Figure 4. 
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The filter characteristic (frequency response) of a receiver 

system is called a matched filter when the ratio of peak signal to 

rms noise at sample time at the output of the filter is the maximum 

value of S/N that can be achieved. Since the matched filter gives 

the best possible value of S/N, no other filter can give a higher 

S/N. The value of S/N for a matched filter is 

S/N /energy of the pulse 
"I       K 

Al/: 
(43) 

where K is the "white" mean square noise spectral density. 

When working with a system with "non-white" noise, the 

matched filter formalism requires that a noise whitening filter be 

provided ahead of the matched filter. Referring to the typical 

input noise characteristic of Figure 4, the noise whitening filter 

will have a pole at fn. The transfer function of the noise whiten- 

ing filter is 

Hn(.) 
1 

1 +j^ 
(44) 

where w = Zirf . A block diagram of a fiber optic data link using 
n    n 

a matched filter detector is shown in Figure 9. Since the matched 

filter is unique and provides the best possible S/N, the addition of 

the noise whitening filter has not really changed the system. If the 
noise whitening filter is not needed to maximize S/N, then it will be 

cancelled out by the matched filter derived for the system. This de- 

termination will be made automatically by the mathmatics. 

To better understand the matched filter concept, consider 

the system of Figure 9 in which a signal 1i(t) is passed through a 

noise whitening filter with a transfer function Hn(a)) and an Impulse 

response h (t) and a matched filter with a transfer function H(ü») 

33 



wmmmtwmmmm^m ^mmmrtmw'>l'wrmj:M- -.-.._:
I
+M+J**W 

and an impulse response h(t). The entire system is linear between 

the point at which the noise is introduced and the point at which 

the S/N Is measured. 

The convolution integral8 can be used to determine the 

signal output of the noise whitening filter, izU), 

i,(t) = ifiM\ (t - T) dT (45) 

.|; 

where T is the variable of integration and hn(t - T) is the impulse 

response h (T) reversed in time and delayed through all successive 

values of t.    At the output of the noise whitening filter, the 

signal is iaU) and the noise is "white" with a mean square noise 

spectral density, K = p-, equal to the low-frequency value of the 

equivalent input noise of the preamp. 

The convolution integral can be used again to determine the 

output signal of the matched filter, inU), 

in(t) ■f (T) h(t - T) dx (46) 

where h(T) is the impulse response of the matched filter. From 

Eq (43) the peak S/N at the output of the matched filter is 

S/N 
(energy of i2(t)y/a (47) 

this maximum S/N will occur at the sample time, t0. At t = 

the output signal current from Eq (46) has a value of 
V 
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i2(T) h(t0 - T) dr 

Notice in Eq (48) that if 

i2(T) ■ h(t0 - T) 

then the integral reduces to 

W 
/ 

tHt)* 

which is the energy in the pulse i2. Thus, the signal current 

i (t ) is proportional to the energy in the pulse at i2. From 

Eq (49) the matched filter impulse response is given by 

h(t) • i2(t0 - t) 

(48) 

(49) 

(50) 

(51) 

This equation states that the impulse response of the matched 

filter must be tailored to the specific shape of the current pulse 

at its input. Specifically, the shape of the matched filter impulse 

response is the shape of the pulse reversed in time and delayed 

by t0. 

The mean square noise current at the output of the matched 

filter is 

l! = K / hM-r) dT 
•'-00 

(52) 

However, since the noise is Gaussian and white, it is unaffected by 

time reversal or delay so that 

1 n = K/jl^t0 " T) dT = K/i2(T) dT (53) 
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Combining Eqs (50) and (53) gives an expression for (S/N): 

IW^JJUi.^ 

, 

m' o 
T 
MM  [L1™ dJ 

K /tJ(T) dT 
•/-oo 

/lJ(T) dx 
J—ro 

(54) 

From Eq (54) the S/N ratio at the output of the matched filter is 

m _ h  WWi  dx 

1/2 

(55) 

which is in agreement with Eqs (43) and (47). 

If Eq (27) which defines the impulse response of the matched 

filter is transformed into the frequency domain, the transfer 

function of the matched filter is9 

N(M) = Mw) e"juto (56) 

where !*(") is the complex conjugate of I2(ü)). The phase term 

e-Jwt0 represents the delay time which determines when the outout 

data should be sampled to achieve the peak S/N. 

The block diagram of Figure 9 is consistent with the assump- 

tions used for the suboptimum detection scheme. That is, bandwidth 

limitations resulting from the LED cutoff, pulse distortion in the 
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fiber optic bundle, transit time cutoff in the photodiode and Q 

limitations are neglected. For present components this limits 

the analysis to data rates of 75Mbit/s or less. The only band- 

width limiting terms considered are in the receiver and in this 

case are represented by the noise whitening filter and the matched 

filtet. Since the noise whitening filter is the only frequency 

dependent term in 12(a)), it follows that 

MftO ■ Hn(u)) (57) 

and Eq (56) becomes 

H(w) = H>) e_ja)to (58) 

Thus, the required matched filter transfer function is 

-Mr 
H(cü) = (59) 

which is physically unrealizable because the negative sign in the 

denominator indicates a pole in the right half plane. The combined 

transfer function of the noise whitening filter and the matched 

filter Is 

e-M0 

Hn(u)) K(tt) ■ 

Fa 
(60) 

which has the same amplitude response as a double pole at w but with 

a linear phase shift with frequency. Notice that the matched filter 

cancels only the phase of Hn(a)) but not the amplitude response. Thus, 

the noise whitening filter was not an unnecessary addition to the 

receiver. 
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The fact that HCw) In the matched filter is not physically 

realizable is to be expected; unfortunately, this is true for many 

cases of practical interest. Even though the ideal matched filter 

cannot be constructed, Eq (55) can still be used to determine the 

best possible S/N and this value can be used as the basis of eval- 

uating the performance of practical approximations. 

The lowest equivalent input noise in the matched filter 

er will be achieved if the noise wf 

into the preamp feedback network. Thus, 

receiver will be achieved if the noise whitening pole at a)n is built 

1 
fn = ZTTRX rf 

The "white" noise at the preamp input is 

(61) 

i«  MI« ^=ÜR7E 
+ 4kTa(2.fnCf] (62) 

and the "f2" noise is given by Eq (63) for Q » 1 

Ä7 - 2KTa (S*)^ (63) 

The noise corner frequency can be evaluated by equating Eq (62) and 

Eq (63) for f = fn 

(64) 
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Fgr the typical parameter values shown tn Eq (17), the expression for 

w   = 2TTf   reduces to 
n n 

(ft n = 8.5 x lO11^ n t 

Substituting Eq (65) and the typical parameter values into Eq (62) 

gives the expression for K 

(65) 

n _ K = 7^-= 5.6 x 10 21I 
AT 

(66) 

Both <JJ   and K are directly proportional to In. 
n I- 

By direct integration10 of Eq (55) the S/N ratio at the output 

of the matched filter is 

», 

"K n o 1-e n oi 
1/2 

(67) 

where t is the sample time for maximum S/N. For Manchester data 
o 

of period T, the sample time is 

t0 - T/2 

Analysis of Eq (67) using the numerical values for a)n and K from 

Eqs (65) and (66) shows that the optimum value of IE which maxi- 

mizes S/N is 

(68) 

tit (69) 

and at this optimum point 
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IJ = 4.36 x 1015IJ 
S 5 - 

(70) 

The S/N ratio Is plotted as a function of wnT in Figure 10. From 

Eq (40) the suboptimum detector was biased for 

ü)_ 
7.16 (71) 

which in Eq (64) using the typical parameter values in Eq (17) gives 

IE = 8.4 x lO
-12^ (72) 

From this bias condition the S/N ratio of the matched filter is 6S% 

of the optimized value. Simplifying assumptions made at the begin- 

ning of this analysis limit the results to data rates of 75Mbit/s or 

less; this corresponds to T < 13.3ns. 

F. DETECTION SCHEME COMPARISON 

Comparing the S/N expressions in Eqs (42) and (70) shows that 

the maximum S/N of the matched filter is 3.08 times higher than the 

S/N of the suboptimum detector. When both preamps are operated at 

the same bias point, the matched filter S/N is 2.00 times higher 

than the suboptimum detector. Taking into account the factor of 2 

signal loss due to the coupling capacitor in the suboptimum detector, 

the matched filter and suboptimum detection schemes give the same S/N. 

Selection of the emitter bias current must consider other 

factors than S/N. If the bias current is too low, the fj of the 

input transistor will be inadequate to provide the required fre- 

quency response. In general the emitter bias current should be 

increased proportional to the bit rate. The emitter bias current 

specified by Eq (72) is a good compromise between speed and S/N for 

most applications. 
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The Spectronics, Inc. suboptimum detection scheme would 

have a S/N ratio equal to that of a matched filter detector If 

a way could be found to recover the factor of two In signal ampli- 

tude that is lost at the coupling capacitor. The conclusion is 

that the suboptimum detector that has been used is a good prac- 

tical approximation to a matched filter and no more than a 

factor of 2 (3dB) improvement in the S/N can be expected. 

G. LED SPEED-UP TECHNIQUE 

The measured frequency response of GaAs diffused junction 

LEDs is presented in Section IV.A. These data show that the high- 

frequency cut off of the modulated light output can not be properly 

represented by a single pole transfer function. However, the 

observed frequency response is the expected characteristic for a 

p-n junction diode dominated by minority carrier diffusion effects. 

The measured modulation transfer function of a diffused junction 

GaAs LED is 

± = .q j 
(i+jf/fd)

l/2 
(73) 

where 

i 

is the ac component of optical power, 

is the ac component of LED current, 

is the quantum efficiency, 

is the emitted photon energy, and 

is the LED corner frequency. 

The term corner frequency is used to denote the intersection of 

the extended high-frequency and low-frequency asymptotes. For the 

characteristic of Eq (73) the corner frequency is not the 0.707 

frequency; the expression for the 0.707 frequency in this case is 
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The 0.707 frequency, f , is the easiest value to measure for the 

LED.    It can be measured directly with ac(sine wave) modulation or 

it can be determined from t., the 10-90% rise time of the LED driven 

with a constant current pulse. 

.35 
* 

(75) 

From the transfer function of Eq (73) the shape of the LED pulse 

response follows an error function rather than an exponential. 

However, Eq (75) is a valid relationship for 0.707 frequency and 

10-90% rise time for both the exponential and the error function 

responses. 

The LED transfer function of Eq (73) is plotted in Figure 11 

The high-frequency asymptote has an f* frequency dependence. 

The frequency response of tne LED can be extended by using a 

driving network which provides an LED drive current that increases 

with frequency. A specific example of an RC network which has 

this desired property is shown in Figure 12. The SE3450 GaAs LED 

is used as a reference diode to provide a prebias to the output 

LED. The current ia is presumed to be supplied from a high im- 

pedance source such as the collector of a transistor; the bias 

current for the reference diode should be larger than the peak 

value of r. The transfer function of the overdrive circuit is 

m. 

l+jf/f; 

w/V, (76) 
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/77 

* 

where 

Figure 12.    Overdrive Circuit with 
LED and Bias Diode 

and 

ma = 

Srfrr a a 

Ra+Rb 

(77) 

(78) 

The special case of R   = rvb will be used as an example to 

illustrate a method of selecting the proper value of C. to use 
a 

with a particular LED.    In this special case, m   = 2 and Eq (76) 
i 

becomes 

ia-2LuJf/2faJ (79) 
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This transfer function is also plotted in Figure 11 with the relative 

response normalized to the low-frequency value.    The 2/1 ratio of 

corner frequencies gives a 2/1 boost in output current at high fre- 

quency.    The relative response is increased by -^2 at 

'h = V^f. (80) 

Figure 11 also shows the composite transfer function of the 

LED and overdrive network given by 

JLJ1A\± V* d+jf/fj 

(i+if/2fa){i+jf/fd)
1/2 

the relative response is normalized to the low-frequency value. 

The particular composite response shown in Figure 11 was achieved 

by selecting fb {the^Z  frequency of the network) to be equal to 

f (the .707 frequency of the LED). 

Vf* 
Combining Eqs (80) and (82) gives 

(81) 

(82) 

V2fa 
,35 

(83) 

and from Eq (77) the selection rule for the value of C3 to be used 

with a particular LED is 

c  =£ !i 
'a " 2.2    R. (84) 
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From Figure 11 the effective bandwidth of the LED is increased 

by 4.2 times by the 2/1 overdrive network.    The selection rule shown 

in Eq (84) is good only for in   = 2; however, a similar selection rule 
a 

can be found for each value of HL. In general, the increase in band- 
a 

width provided by an overdrive network is about m^. However, value? 

of ma larger than -^10 do not give a flat composite transfer function 

and the resulting peaks and valleys in ehe transfer function give rise 

to ringing and other undesirable features in the pulse response. 

Thus, the overdrive circuit of Figure 12 is in practice limited to 

a factor of 10 increase in bandwidth; the use of more complex over- 

drive networks can provide larger increases in bandwidth. 

The increased bandwidth achieved with an overdrive network is 

obtained at the expense of the efficiency of the drive circuit. 

With a 2/1 overdrive, the drive circuit must supply a peak current 

that is 2 times larger than the low-frequency value of the LED peak 
current. The extra power required from the drive circuit is dis- 

sipated in R and R.. 

The type of overdrive network shown in Figure 12 connects 

directly to the LED terminals. This type of circuit is useful with 

both analog and pulsed signals. With pulse or digital signals the 

overdrive network provides speed up of the optical rise time, fall 

time and repetition rate. 
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SECTION III 

DATA BUS STRUCTURE 

Construction of a data bus requires the use of signal coupling 

devices which make it possible for each station to receive signals from 

the bus and transmit signals onto the bus. The vital nature of the 

signal transactions on an avionic data bus dictates that a strong 

emphasis on system reliability be used in the coupler design. In 

general, repeater systems are not employed in data buses because damage 

to one repeater would interrupt signal flow on the entire data bus. 

In an optoelectronic data bus, the various stations are inter- 

connected with flexible fiber optic bundles. The desired signal coupling 

device should provide the following functions: 

t A portion of the optical signal should be 

removed from the bus for detection. 

• The undetected remainder of the optical signal 

should be passed on for distribution to the 

other terminals on the bus. 

o Optical signals generated in that terminal should 

be coupled onto the bus and distributed to the 

other terminals. 

Meeting these requirements provides fault isolation on the optoelectronic 

data bus so that failure of one of the stations on the bus will affect 

only that station and will leave the remainder of the bus unimpaired. 

Two basic schemes have been reported11'12 for providing these functions 

in an optoelectronic data bus; both schemes have been investigated on 

this program. One approach uses an in-line configuration in which in- 

dividual stations are sequentially interconnected by flexible fiber 

optic bundles. The other approach uses a radial configuration in 

which all stations are connected by flexible fiber optic bundles to 

a centrally located mixing point. 
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Propagation 
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Figure 13. Radial Duplex Data Bus 
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Reference 1 presented an analysis and comparison of three 

in-line data bus structures. 

Simplex Loop, 

Uniform Duplex Loop, and 

Tapered Duplex. 

All three of these in-line structures are based on the use of 

passive T couplers with plugable optical interfaces. 

This section presents an analysis of a fourth physical data 

bus structure which employs a radial geometry. The radial data bus 

offers several advantages over the in-line structures. Among these 

advantages are: 

Fewer plugable interfaces. 

Ease of construction. 

Less optical attenuation, and 

Minimum dynamic range. 

With the in-line data bus configurations the individual 

stations on the data bus are sequentially interconnected by flexitle 

fiber optic bundles. With the radial geometry all stations are 

connected by flexible fiber optic bundles to a centrally located nix- 

ing point as shown in Figure 13. The radial configuration as repre- 

sented in this figure gives the impression o* requiring more fiber 

bundle than the in-line structures presented in Ref 1. However, 

closer analysis shows that just the opposite is actually true. The 

fiber bundles in the radial data bus each connect to one LED and 

one photodiode and are, therefore, smaller in diameter than the fiber 

bundles required for an in-line system with the same number of 

stations. Also, in the radial system, the fiber bundles go directly 

from the radial coupler to the various stations so that the length 
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Figure 14.    Duplex Radial Coupler 
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of the individual fiber bundles is minimized.    In an aircraft in- 

stallation, the various fiber bundles can be cabled together in a 

harness for convenient installation or purposely separated to pro- 

vide greater damage immunity.    The duplex data bus depends entirely 

on the proper functioning of one passive coupler.    If that coupler 

is damaged, the entire system fails.    However, damage to a radial 

arm or a station does not affect the performance of the remainder 

of the system.    The in-line data bus structures are also protected 

against failure of a station.    However, damage to the connecting 

fiber optic bundle or any one of the T couplers separates the data 

bus into two isolated parts.    From an operational standpoint, 

the radial  coupler should be located half way between the two most 

distant stations.    This optimum location can be closely approximated 

in practice because the radial coupler is | completely passive 

component that does not have to be located near any of the data bus 

stations.    However, in military aircraft, reliability considerations 

may dictate that the radial coupler be located near the cockpit or 

near a central computer so that the zone of vulnerability can be 

minimized.    In any case, the radial  coupler is much smaller than 

the sum of all of the T couplers and connecting fiber optic bundles 

in an equivalent in-line data bus.    Because of this size advantage 

the radial  data bus structure offers the highest probability of 
surviving in a battle damage situation. 

A. DEFINITION: 

Figure 14 shows a schematic representation of a radial coupler. 

In this case the scrambler has a diameter equal to the diameter of 

all of the radial arms bundled together. The mirror reflects all rays 

back into the scrambler so that every radial arm can couple to every 

other radial arm. A T coupler schematic is shown in Figure 15. The 

scramblers shown in Figures 14 and 15 are short lengths of solid clad 

glass rod with the same diameter as the body of the coupler. The 
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I/O Port 
(typ) 

Detector Port 

► P. 

Scrambler Rod 
(typ) 

Figure 15. Uniform Duplex T Coupler 

purpose of the scrambler is to uniformly distribute the optical energy 

entering the LED port over the area of the exit port so that it will 

be coupled into all of the individual fibers in the fiber optic cable 

leading to the next station. This insures a reproducible sample of 

the total signal on the bus at each station. 

The performance of a passive optical coupler can be described 

in terms of a transmission factor, one or more quality factors and a 

coupling factor. In this report, T* and CT are used to designate the 

transmission factor and coupling factor for a T coupler; for a radial 

coupler the symbols T* and C* are used. The transmission factor 

describes the fraction of input optical power (at an input port) that 

is coupled to the output port. The definition of transmission factor 

is 

T   T _ (power at output port) 
T   * ' (power at input port) (85) 

The transmission factor is always less than one because of the inten- 

tional removal of optical power at other ports and because of optical 

losses in the coupler. The coupling factor is basically an area ratio 
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which describes the fraction of total power removed from the bus. 

The definition of coupling factor is 

r   r   (scrambler area attributed to a detector port) (QC\ 
LT or ^ =     (total area of the scrambler) Vöo; 

This definition of the coupling factor is very basic and general. 
It was chosen because it accurately represents the performance of 
both T and radial couplers and allows the use of common terminology 
in describing both types of data bus systems. The fraction of input 
power coupled to the detector port will always be less than predicted 
by Eq (86) because of reflection, packing fraction, and attenuation 
losses in the detector side arm. The coupling factor defined by 
Eq (86) cannot be measured optically on a finished coupler. However, 
this coupling factor has great practical value as a design parameter 
because it specifies the area that should be attributed to the de- 
tector port independent of the losses in the detector side arm. For 
the radial coupler of Figure 15 the term detector port should be 

interpreted to mean input/output port. 

1.  T Coupler 

Two quality factors are required to accurately represent 

the perfoTtiance of a T coupler.    A general T coupler schematic is 

shown'in Figure 15.    The transmission quality factor, ». provides 

a measure of the losses in the transmission path.    Using Eqs (85) 

and(86) and assuming equal scrambler areas attributed to LED and 

detector ports, the transmission quality factor is defined as 

'"T 1-2CT 
(87) 

which may be rearranged as 

TT ■ ■fO-tCf) (88) 
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From Eq (87), mT is the ratio of the power at the output port to the 

power into the area attributed to the output port. The coupling 

quality factor, nip, provides a measure of the losses in the detector 

side arm; it is defined by 

 (power at detector port)  
mC = (power into scrambler area attributed to detector port) 

(89) 

The detector port output power P0 can now be expressed as a function 

of coupler output power Pa: 

5o = ^C^ 
(90) 

Due to the physical symetry of the T coupler, it will be assumed that 

the coupling quality factor is the same for the LED side arm and the 

detector side arm. In an actual coupler, the values could be different 

because or broken fibers and/or differences in packing fraction. In 

addition, the amount of power coupled into the LED port is strongly 

dependent on the radiation pattern of the LED. Losses at the IFD 

port over and above those included in mc should be charged against the 

LLU and not the coupler. An LED quality factor, mL, should be used to 

represent the LED-dependent losses. The definition of m, is 

m, 
(power into area and NA of LED port) 

(total output power of LED) 
(91) 

Thus the product nym. represents the efficiency with which the total 

LED output power P. is coupled to the bus. 

num. 
P = -%■* P. yt        2      i 

(92) 

The factor 2 in the denominator of Eq (92) describes the equal divi- 

sion of the LED power between the two directions of propagation. 
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The values of nu. and m- can be combined to give an overall 

quality factor, m, for the T coupler. This overall quality factor 

is defined by 

tm^vr 

m _ (power sum at output, detector & LED ports) 
(power at input port) (93) 

This factor does not appear in the system design equations; however, 

it is useful as a parameter to assess the quality and perfection of 

the technology used to construct a coupler. The value of m can be 

obtained from Eq (93) using Eqs (85) and (86). 

m = TT + 2mcCT 

Combining Eq (43) with Eq (38) to eliminate Tj gives 

m ■ "T m(i - ?)] 

(94) 

(95) 

If the coupling factor, Cj, is small, Eq (95) shows that the overall 

quality factor is about equal to nip In fact, if nu = my, the overall 

quality factor is equal to my for all values of Cj. In general, 

quality factor is a transmission parameter which designates the com- 

plement of the attenuation or loss; when losses are zero, quality 

factor has its maximum value of one. 

A serious effort has been made to define parameters that 

describe the performance of T couplers without resorting to any par- 

ticular technology or construction technique. Because of this, 

Eqs (85) through (95) have relied heavily on general word definitions 

rather than schematics or pictures of a specific type of T coupler. 

This general T coupler model is used In Appendix II In the analysis 

of an In-line uniform duplex data bus and in Appendix III in the 

analysis of an in-line tapered duplex data bus. 
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2.     Radial Coupler 

Due to the symmetry of the radial coupler, only one quality 

factor, m^, is required to describe its performance     A radial coupler 

is shown in schematic form in Figure 14.    The quality factor, m*. is 

defined by 

_ (sum of output power at all ports) 
^ (power in at input port) (96) 

This is similar to the overall quality factor of the T coupler given in 

Eq (93).    For the radial coupler there is no possibility of optimizing 

the coupling factor because the area ratio is uniquely determined by 

the geometry.    For an N-station radial duplex bus there are N input/ 

output ports all of the same area.    Therefore, the total area of the 

composite fiber optic bundle at the scrambler rod must be N times the 

area of each input/output port.    From Eq (86) the coupling factor for 

tt   radial coupler is 

cl (97) 

Equations (86) and (97) combine to specify the fraction of the area 

of the scrambler that should be used for the detector (input/output) 

port. 

(Area attributed to one input/output port) 
(Area of scrambler) 

i 
N (98) 

When power is coupled into any one LEO port of a radial 

data bus, all N detector ports receive power. In the ideal case of 

uniform power distribution in the scrambler the transmission factor of 

the radial coupler is the same for all stations and is given by 

T* ■ m*C* (99) 
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Combining Eqs (51) and (53) gives 

(100) 

B.    RADIAL DATA BUS ANALYSIS 

In a radial data bus,flexible fiber optic bundles are used for 

the connections between the stations and the radial coupler as shown 

in Figure 16. The length of a radial data bus (for signal attenuation) 

is not the total length of the fiber optic bundles used in the system. 

For the radial geometry, the length of the bus. L. will be taken as 

the greatest length of fiber optic bundle between any two stations on 

the bus. For the analysis, the radial coupler is assumed to be cen- 

trally located so that all other transmission paths between stations 

have lengths equal to or less than L. In this case the maximum fiber 

optic attenuation. am. is given by 

am = exp[-aL] "m 
(101) 

where a  is the attenuation coefficient of the fiber optic bundle. 

Comparison to Eq (202) in the T coupler analysis given in Appendix II 

shows that 

a = a am  o 
N-l (102) 

where a. is the average fiber optic attenuation between 

adjacent stations, and 

is the number of stations. 

In order to facilitate the comparison oetween the radial and in-line 

data bus systems, the concept of average fiber optic attenuation per 

station will be retained in the radial data bus analysis with a0 

defined by Eq (202). 
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Figure 16.    Signal Power Relationships 
in a Radial Data Bus 
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For purposes of analysis the longest transmission path is 

assumed to be between stations k and N. When station k is trans- 
mitting, the signal power relationships can be determined from 

Figure 16. When an optical power, Pik, is emitted by the LED of 
station k.the power at the LED port is i\Pik. where mL is the LED 
quality factor defined by Eq (91). The power at the input port of 

the radial coupler, P.f, is given by 

D  - m T T a i(N-l)p Pif " mLTcTfkao    Pik 
(103) 

where T is the transmission of the fiber optic termination at the 
c 

LED interface given by 

(1-RC)GR£ (104) 

where R  is the front surface reflectivity of the core glass, c 
G  is the geometrical area coverage of the fibers in the 

termination, and 

R  is the core/fiber area ratio, 
a 

The symbol Tf. represents the portion of the interface transmission 

at the radial coupler input port that can be attributed to the exit 
end of the fiber optic bundle between station k and the radial coupler. 

When power is coupled into any port of a radial coupler, all 

N ports receive output power. In the ideal case of uniform power 
distribution in the radial coupler, the output power at the detector 

port of station N as a function of the station k LED power is 

PON yjj^y^-
1        (lo5) 

XP* Ik 2N 
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If the stations of a radial data bus are uniformly spaced, 

the greatest distance between a station and the radial coupler is 

0.5L and the shortest distance between a station and the coupler 
is 0f5L  In this case> the f1ber optic attenuation for the most 

distant station is a4V '' and for the closest station is aj. 

Assuming the radial coupler gives the uniform power division shown 

in Eq (97) the worst case dynamic range results at a station close 

to the radial coupler. The largest detector signal occurs when 

another close station transmits and the attenuation is a0. The 

smallest detector signal occurs when a distant station transmits 

and the attenuation is a*N.  In this case the worst case dynamic 

range, DR*, is given by Eq (108) 

N-2 

Ö DR.-hM HOS) 

For any given station the dynamic range can be significantly 

reduced by lowering the LED drive current in the stations that have 

short fiber optic bundles. If the drive currents are adjusted such 

that the optical power reaching the coupler is the same for all LEDs, 

then the dynamic range at any particular detector is 1.0. Each 

detector, on an individual basis receives the same power from all 

LEDs. However, this constant signal level is different for different 

detectors because of the variation in the fiber optic attenuation 

between the radial coupler and the various detectors. In this case, 

the ratio of power levels over all detectors is the ratio of the 

attenuation of the shortest (aj) and longest (a*N"i) fiber optic 

bundles which is a^2"N). 

The dynamic range of the radial data bus can in theory be re- 

duced to the ideal value of 1.0 (zero dB) by including equal attenua- 

tion in all of the fiber optic bundles. In this case, each detector 

receives the same signal regardless of which LED is transmitting 
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and all detectors receive the same signal when any LED transmits. 

One way to make a uniform attenuation radial system is to make all 

of the fiber optic bundles the same length. A more practical way 

to achieve uniform attenuation is to include a neutral density filter 

element in tne shorter fiber optic bundles to bring all fiber optic 

bundles to the same attenuation regardless of their length. 

In military aircraft, reliability considerations may dictate 

that the radial coupler be located near the cockpit or near a central 

computer so that the zone of vulnerability can be minimized. These 

requirements may preclude locating the radial coupler half way be- 

tween the two most distant stations. For example, one remote 

station may be near the tail of the aircraft with all other stations 

about equidistant from the radial coupler located at the central com- 

puter. For a fighter aircraft, typical fiber optic cable lengths 

might be 50ft between the radial coupler and the remote station in 

the tail and 10ft between the radial coupler and the next most dis- 

tant station in the nose. For fiber optic bundle with attenuation of 

0.2dB/ft the cdDle attenuation to the remote tail station is lOdB 

and to the nose station is 2dB. The actual total cable attenuation 

in this case is 12dB. However, if neutral density filters are used 

to minimize dynamic range, the result is that all cables are brought 

to an attenuation of lOdB and the effective total cable attenuation 

is 20dB. This is BdB more cable attenuation than would be achieved 

if the radial coupler were located half way between the nose and the 

tail stations (two 30ft, 6dB fiber optic cables). When the radial 

coupler is not centrally located, the maximum fiber optic attenuation 

given by Eq (101) should be calculated using a value of L which is 

two times the length of the longest cable. This nas the effect of 

decreasing (degrading) the worst case power ratio, Rp*, given by 

Eq (105) as compared to the optimum value for central location of 

the radial coupler. The dynamic range of the radial data bus need 
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not be affected by the placement of the coupler if current adjustment 

or neutral density filters are used. 

The effectiveness of the scrambler in the radial coupler must be 

determined experimentally. Measurements on the radial couplers re- 

ported in Ref 2 show both nonuniform scrambling and nonreciprocal 

coupling between the various ports; that is, port 1 does not couple 

an equal fraction of power to the other ports and port 1 does not couple 

the same fraction of power to port 5 that port 5 couples to port 1. 

The best radial coupler reported in Ref 2 shows a power output ratio 

of 2.9/1; this t^ives a dynamic range of 

Dp* ■ 2.9    (4.62dB) (109) 

The measured nonreciprocal coupling is less than 2/1. Proposed im- 

provements in fabrication techniques are expected to reduce the dynamic 

range to less than 2/1 (3.0dB) and essentially eliminate nonreciprocal 

coupling. Use of neutral dtr> ity filters in the radial arms to achieve 

the uniform attenuation condition will also make it possible to compen- 

sate for nonuniform signal distribution between the radial arms. Using 

the pair of ports with the highest coupling factor for the two longest 

radial arms will result in an improvement in system performance over 

that calculated above. 

The possibility of achieving a zero dB dynamic range in the 

radial data bus is a very significant advantage in overall system 

performance. The nonuniform and nonreciprocal coupling reported in 

Ref 2 results from the mixing properties of the cylindrical scrambler 

rods used in the construction of the couplers. These effects are 

described in Section 11 I.E. A rectangular scrambler rod is proposed 

to provide more uniform power distribution. In a practical radial 

data bus, the dynamic range will be determined by the uniformity of 

the power division provided by the radial coupler. The rectangular 
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scrambler approach is expected to give a dynamic range of less than 2/1 

(<3.0dB). 

The discussion in Section II of this report shows that the uni- 

polar nature of the optical signal causes the average value (threshold 

level) of the received signal to shift with changes in sinnal level for 

transactions between different stations (dynamic range). Accommodation 

of a large dynamic range results in added complexity in the receiver 

electronics and the necessity of long dead times between transactions 

and long sync preambles which reduce the efficiency of the data bus. 

The practical attainment of a small dynamic range in the radial data 

bus simplifies the receiver electronics and removes the restrictions 

on the efficiency of the bus. 

The value of Rp* can be calculated for a state-of-the-art 

radial duplex bus from Eq (105). For L = 100ft and using 0.45dB/m 

fiber optic bundle, Eq (101) gives 

a = a ^ = 4.27 x lO'2      (-13.70dB)        (HO) 
am  o 

The best radial coupler reported in Ref 2 has 

mJcTfkTfN = 0.102   (-9.91dB) (»") 

Using Eqs (110) and (111) the value of Rp*/mL for an 8 station radial 

data bus is 

^-= 2 72 x lO-   (-35.75dB)        (112) 
mL 

For 10Mbit/s Manchester data, the preamp 3dB frequency, %, from 

Eq (5) is 8.1MHz. Allowing 2.5 times more bandwidth for synchron- 

ization and clock recovery, the required 3dB bandwidth is 20MHz. 

From Figure 5 or Eq (26) the receiver requires pn ■ 17.9nW for 
S/N - 1. For a bit error rate of lO"8 including clock errors and 
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data errors the required S/N is about 5.75. For 2.5 times excess 

bandwidth, the fractional response is 1.0; thus, from Eq (35) the 

required steady state detector power, Ps, is 

Ps = (2)(5.75) Pn 

206nW 

(113) 

Using Eq (113) with the value of Rp^/m.  from Eq (112) the required 

useful LED power, ni.P., is given by 

206nW 
m, P. Lri      2.72 x 10 

-IT ■ 0.76mW (114) 

In this context, the term useful LED power refers to the optical 

power coupled into the aperture of the fiber optic termination with- 

in an acceptable launch cone.    For Galileo 45mil diameter fiber optic 

bundles the SPX 1527 and SPX 1775 LEDs offer values of useful LED power 

in the range of 1.0 to 2.0mW.    Thus, the required power of 0.76mW in 

Eq (114) is well within the capability of available components. 

The conclusion is that presently available optoelectronic 

components and technologies are adequate for the construction of an 

8-station, 100ft, 10Mbit/s radial duplex data bus with an error rate 

of less than lO-8. 

C. IN-LINE DATA BUS SUMMARY 

Three in-line data bus structures were presented in Ref 1. 

One of these structures the simplex loop, was used mainly as an 

analysis vehicle and does not represent a practical data bus con- 

struction technique. The uniform duplex and tapered duplex systems 

are viable approaches and their key performance equations are 

67 

-   



■"I -11, 

presented here to facilitate comparison to the radial data bus. The 

in-line uniform duplex data bus analysis is presented in Appendix II; 

the analysis of the in-line tapered duplex data bus is presented in 

Appendix III. 

The symbols at the left margin in some of the following equa- 

tions are used to avoid complicated subscripts and ambiguity in the 

comparison. These symbols and their meanings are 

*D Radial Duplex 

UD Uniform Duplex 

TD Tapered Duplex 

For the uniform duplex data bus, the worst case signal transfer 

occurs when tne station at one end of the bus is communicating with 

the station at the other end of the bus. From Appendix II the worst 

case fractional power ratio, RpT, for an N station data bus is 

UD y?l 

pw r^TJMtear      ,    "iN'2 

= ^. |_ocVCTJ [ycTcVl-2CT)J (115) 

where P N is the output power at the detector port of station N, and 

P. is the input power at the LtD port of station 1 
11 

The term a represents the average attenuation between adjacent stations 

and is defined in Eq (202) of Appendix II. The term Tc is the trans- 

mission of the termination on the fiber optic bundles used to intercon- 

nect the stations; Tc is defined in Eq (104). The term Tc is the 

transmission of the core/air interface given by Eq (106). 

Equation (115) shows the relative importance of the parameters 

of the T coupler in determining overall system performance. The trans- 

mission quality factor, n^, appears with the exponent N-2; whereas, the 
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coupling quality factor, mc, appears with the exponent 2 independent of 

the number of stations on the bus. Thus, my has much greater signifi- 

cance than mc in determining system performance and the greatest empha- 

sis should be placed on increasing the value of nij. The worst case 

power ratio can be maximized by setting the derivative of Eq (115) with 

respect to Cj equal to zero, and solving for the optimum value of CT. 

This operation gives (see Appendix II for derivation) 

UO _  1  
'opt " 2(N-1) (116) 

From Eq (116), the optimum value of CT is dependent only on the number 

of stations on the bus. Specifically, this means that C  is inde- 
opt 

pendent of quality factor and fiber optic attenuation; this is a very 

general result with no limiting assumptions or approximations. 

The maximum value of the worst case power ratio for the duplex 

bus is calculated by substituting Eq (116) into Eq (115). This 

operation gives 

■ L 4(N-I) JL—[fct)—J    ^117) 
UO >T max 

Referring again to the in-line uniform data bus analysis presented in 
Appendix II, the worst case dynamic range when the coupling factor is 
equal to C   t is given by 

N-2 
UD D 'RT opt iacVcmT   ^J (118) 

The tapered duplex data bus features a different coupling 

factor for each station to provide a uniform response at all detectors 

when either one of the end stations is transmitting.    To accomplish 
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this, the coupling factors must depend on the fiber optic attenuation, 
quality factor, and termination transmission.    From the analysis pre- 

sented in Appendix III the coupling factor for station k in an 

N-station bus is 

. o-MWcTc)"a-a0vcTc) (119) 

The worst case fractional power ratio for the tapered duplex 

bus is 

„ . WcVc 'WcV"'2 ''-VrVc'   (120) 

Again the factor nu-T appears with the exponent N-2 and is therefore 

much more significant than the term m^. 

The worst case dynamic range of the tapered duplex bus is 

TD % = ! + WVc (121) 

This expression assumes that the stations are uniformly spaced along 

the bus and that the various LED drive currents are optimally re- 

duced toward the center of the bus. Deviations from these assumptions 

and practical Imperfections in the couplers will increase the dynamic 

range. 

D.   RADIAL/IN-LINE COMPARISON 

The worst case fractional power ratios for the in-line uniform 

and radial data bus systems are giver, in Eqs (117) and (105) 
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respectively. Comparison of these expressions shows that fiber optic 
N-l 

attenuation (ao  ) is the same for both systems. However, for every- 

thing except fiber optic attenuation, the radial coupler gives superior 

performance. The ratio of worst case detector power for the two sys- 

tems can be obtained by dividing Eq (105) by Eq (117). This operation 

gives the improvement factor 

*D 
ÜD y* 2ni*TcTfkTfN 

PT    -PcWcV 
(122) 

This expression can be further simplified by comparing specific 

systems.    The Tc in the numerator of Eq (122) arises at the LED/fiber 

optic interface in the radial data bus and is therefore about equal 

to mc in the denominator which arises at the LED/fiber optic interface 

in the in-line data bus.    For a solid side arm radial coupler and a 

split-rod T coupler TfN ■ Tc and Tfk ■ f .    With index matching mater- 

ials used at the internal interfaces in the two couplers, typical values 

cf the quality factors are m# = .848 and mc = .558.    Using these approx- 

imations, the improvement factor, Eq (122), reduces to 

*D 
ÜD 

3.04 "P* _ 
RPT '  (Vj/-2 $(uT (123) 

With no index matching at the plugable interface, nu. is about equal to 

T2 For lead glass fiber Tc * .94 and from Ref 2 a typical value of 

Tc is .656. Using these values gives MjTJ   = 0.545; the best 
T coupler reported in Ref 2 has a measured value of nuT T =0.452. 

If index matching is used at the plugable interfaces then ideally 
m T"I.Te 

give m^ 
1. 

= 0.696. 
and Tc = GRa = 0.696 for Galileo fibers; these values 

If the cladding material is removed from the 
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T* ■ m*C* 

58 

(99) 

RADIAL DUPLEX 

UNIFORM DUPLEX 

8      10      12 

N - Number of Stations 

14 16 

Figure 17.   Worst Case Power Improvement Factor 

Radial Duplex/Uniform Duplex 
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fibers in the termination region then Ra = 1, G = .85; this gives 

iTu-T T   =0.85.    The values of the quantity m-jT^ are recorded in 

Table I, 

Table I. Typical Values of mTTcT( 

»rVc 
0.452 

Remarks 

Best measurement, Ref. 2 

0.545 

0.696 

Theory, index matching in coupler no 

index matching at plugable interface 

Theory, full index matching 

0.850 Theory, full index matching and cladding 

removed at termination 

Figure 17 is a plot of the worst case power improvement ratio of 

Eq (123) for the four values of ly^ shown in Table I. Since 

Eq (123) and Figure 17 are independent of fiber optic attenuation, 

the improvement ratio is independent of the type of fiber optic 

bundle used and the length of the bus as long as these parameters 

are the same for both systems. 

From Figure 17 the improvement factor for an 8 station bus 

when mTT T = 0.452 is about 26dB. This means that for the best 
ICC 

measured T coupler performance2, the worst case power ratio in the 

radial bus is 400 times (26dB) higher than the worst case power ratio 

in the in-line data bus. 
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The improvement in dynamic range of the radial system over the 

uniform duplex can be obtained by dividing Eq (118) by the value of 

DR*; this will give the improvement as a number greater than 1.    If 

neutral density filters are used to give equal attenuation in the 

side arms then DR* will have a value of about 2.0 and the dynamic 

range improvement is 

UD M. 
)R* * LWJc WJ 

N-2 
(124) 

The average spacing between stations in avionics data buses is about 

3m. Table II shows different types fiber optic bundles and the value 

of a0 corresponding to a length of 3m. Using a = 0.748 and 

mjTT = 0.452 in Eq (124), tht dynamic range improvement for an 

8 station bus is 844 or 29.26dB. Thus, comparing the uniform duplex 

bus and the radial duplex bus, the latter gives a significant improve- 

ment in both worst case fractional power ratio and dynamic range. Also, 

the radial bus only requires one passive coupler for the entire system 

whereas the uniform duplex bus requires a coupler of comparable com- 

plexity for each station. 

As previously discussed, reliability considerations may dictate 

that the radial coupler not be located half way between the two most 

distant stations in the aircraft. In this case, the maximum trans- 

mission path in the duplex bus will be somewhat longer than in the 

uniform in-line bus. If neutral density filters are used to equalize 

the attenuation of the transmission paths in the radial data bus, 

then the dynamic range ratio of Eq (124) will be unaffected by the place- 

ment of the radial coupler. However, the worst case power improvement 

ratio in Eq (122) is sensitive to the radial coupler placement. For 

the 60ft bus discussed in Section III.B., the radial system would have 

8dB more attenuation than if the radial coupler were centrally located. 
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Thus, the worst case power improvement ratio. Eq (123), for an 8 station 

bus would be 18dB rather than the 26dB value shown by Figure 17. This 

result assumes that there are no problems in routing the fiber optic 

cables in the in-line system. In general, the worst case power improve- 

ment ratio in Eq (123) should be multiplied by the maximum attenuation 

ratio for the two systems when those attenuation values are different 

for any reason; the dynamic range improvement ratio is not affected by 

differences in maximum attenuation. 

A comparison of the worst case fractional power ratio of the 

radial duplex bus and the tapered duplex bus is obtained by dividing 

Eq (105) by Eq (120) 

*0 
TD RPT 

N-2   l-(aomTTc) 
(125) 

Nm^(mTTcTc) 

The term T in the numerator arises in the radial bus at the LED/fiber 

optic station interface and is therefore about equal to mc in the de- 

nominator which arises at the LED/fiber optic interface in the T coupler. 

Table II. Fiber Optic Bundle Average 

Attenuation Vs Type 

Fiber Optic 
Bundle Type 

Galileo 

Rank 

Pilkington 

Corning 

Loss Factor 
dB/m - 

0.60 1.8 0.660 

0.42 1.26 0.748 

0.10 .30 0.935 

0.03 .09 0.979 
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Figure 18. Worst Case Power Improvement Factor 

Radial Duplex/Tapered Duplex 
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For a solid side arm radial coupler and a split-rod T coupler T...   ■ T 

and T,N ■ T .    With index matching materials used at the internal inter- 

faces in the two couplers, typical values of the quality factors are 

m^ ■ .848 and m- = .558.    Using these approximations, the improvement 

factor, Eq (125), reduces to 

R *D 
TD 

.52ri-(aomTTcTc)N'1T    1    1N-2 

N L171^?? JUVc-l (126) 

Figure 18 is a plot of the worst case power improvement ratio of Eq (126) 

for the indicated parameter values taken from Tables I and II. 

mrT T C c c 

From Figure 18 the irrorovement factor for an 8 station bus when 

■ 0.452 and a = 0.660 is about 15dB. Thus, the worst case 

power ratio in the radial bus Is 32 times (15dB) higher than the worst 

case power ratio in the tapered in-line data bus. The tapered duplex 

and radial duplex structures provide comparable and desirably low 

values of dynamic range. 

Coirparing a tapered duplex bus to a radial duplex bus, the 

dynamic range and total amount of fiber bundle are comparable. The 

principle advantages of the radial systems are the worst cese frac- 

tional power ratio and ease of fabrication. The fabrication advantage 

is considerable because the single radial coupler is much easier to 

build than the N couplers of N/2 different designs required in the 

tapered duplex bus. Also, the fiber optic bundles in the radial 

system are all the same diameter whereas the tapered duplex bus 

requires N/2 different fiber bundle diameters. 

If reliability considerations dictate that the radial coupler 

be located other than centrally, then the worst case power improvement 

ratio given by Eq (125) must be modified by the ratio of maximum atten- 

uation of the two data bus systems. For the 60 foot example discussed 

in Section III.B., the maximum attenuation ratio is 8dB. In this case. 
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the improvement ratio is 7dB rather than the 15dB value given by 

Figure 18. This result assumes that there are no problems with rout- 

ing the fiber optic cables in the in-line tapered bus that would add 

to its total attenuation. 

For every performance factor considered in thii comparison 

• worst case detector power ratio, 

t dynamic range, 

• quantity of fiber optic bundle, 

• ease of fabrication, and 

• battle damage immunity, 

the radial data bus is equal or superior to the in-line data bus. 

The only apparent disadvantage to the radial system is the difficulty 

of adding stations after the system is built. In this regard, the 

radial system is inferior to the uniform duplex configuration but 

superior to a tapered duplex design. Stations can always be added 

to the short arms on the radial system by replacing all or part of 

the neutral density filter attenuation with a power divider 

(modified T coupler) to split the available power between two or 

more lines. In general, however, the addition of widely separated 

or remote stations to a radial system will require a new radial 

coupler. 

E.    SCRAMBLER DESIGN 

Passive couplers for both in-line and radial data buses 

require the use of scramblers.    Figure 15 shows a T coupler for 

use in a uniform duplex bus (in-line) which requires two scramblers. 

Figure 14 shows a radial coupler for use in a radial bus which 

requires one scrambler.    The purpose of a scrambler in a passive 
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coupler is to accept light from a small number of fibers and 

spread that light as uniformly as possible over the area of the 

scrambler without altering the axial angular distribution of the 

light. This function can be performed by an optically smooth 

glass rod that is mirrored on the external surface but not on the 

ends as shown in Figure 19. The optical function of a scrambler 

is much the same as that of each fiber in a fiber optic bundle. 

Fiber 
Bundle 

1 

Glass Rod 

/  /   / 

/ 
/ 

T 
'h/j 

-- Mirror 

out 

1 

Figure 19.    Scrambler Rod 

As in the case of the glass fiber, the mirror on the external 

surface should be provided by total internal reflection.    The 

total internal reflection phenomenon produces a 100% reflective 

mirror while a metal mirror reflects only 97-98% of the incident 

light.    This 100% reflective mirror can be achieved by using a 

high-index glass rod similar to the core glass of the fibers and 

cladding it with a lower index material.    An all-glass rod with 

a high-index core and low-index cladding can be used for the 

scrambler.    However, it is difficult to obtain a clad glass rod 

with adequate precision of the core diameter.    It is usually 

more expedient to use a low-index silicone or epoxy resin for the 

cladding layer.    This makes it possible to grind and polish the 
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glass rod to close mechanical tolerances and provide a good 

optical quality finish on the external surface of the rod. The 

plastic cladding layer can also serve as the mounti ig medium which 

properly positions the scrambler rod and anchors it to the coupler 

housing. Many useful plastic materials have greater optical 

attenuation than glass. However, the length of a scrambler is 

not more than a few inches and the resulting loss due to absorp- 

tion in the cladding layer is negligible. 

In order for the scrambler rod to support all of the rays 

coupled into it, there must be an adequate change in index of 

retraction at the core/cladding interface. The limi tine numeri- 

cal aperture, M., of the acceptance cone of a scrambler is 

NAC ■ (ni - ri|)* (127) 

where   n2 is the index of the core, and 

na is the index of the cladding. 

Numerical aperture is defined by 

NA = n i si nB i (128) 

where Bi is the half angle of any ray measured in the outside 

medium having an index of n,.    When the external medium is air, 

then ni = 1 and NAS specifies the maximum half angle of the launch 

cone.    Due to the form of Eq (128) and Snells law,1 the value of 

NA is the same inside and outside the scrambler 

NA ■ niSinGi = n2Sine;, (129) 
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Figure 20.    Scrambler Rod Operation 
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The angle 6, should be selected such that 

then 

MA. ■ n,sine 
(j) 2 2 

(130) 

(131) 

and 

cos02 = (l-sin^)* 

cose2 = ^- (nf - NAJ)* '2 n       ^2 
"2 

Sln92 |||% 
tane2 = HSieT = (n2

2 - NAJ)* 

(132) 

(133) 

Substituting Eq  (133) into Eq (130) gives the desired relationship 

between L   and D   in tei 

entering the scrambler. 

between L   and D   in terms of the angular distribution of the light 

L, = 
(n| - NA*)2 

-m (134) 
4> 

For the equilibrium angular distribution rf long Galileo fiber 

bundles (See Section IV B) 

NA, =  .24 (135) 

83 

■^    -       -       ■       -      —■a     .■>,.J.^--..-t-        ^.^j-^..^.»-. .^^        _..  _^^            ■  -     -- 





v-^> 
**^m^ vmi-fv"' ■■ 

Figure 20 and the preceding discussion represent the scram- 

bler as having a circular cross section. A circular scrambler has 

many advantages such as ease of fabrication, good mechanical toler- 

ance, and ease of alignment. However, the circular scrambler 

inherently gives nonuniform power distribution at the exit face 

because of rkew rays that can not be shown in the axial plane 

representation shown in Figure 20. Both skew rays and meridional 

rays are rhown in Figure 21 along with photographs showing the 

uniformity of power distribution over the end of a cylindrical 

scrambler rod. The light from the on-axis fiber shown in the upper 

part of Figure 21 is uniformly distributed because all rays are 

meridional. Off-axis light introduced at the edge of the scrambler 

is not uniformly distributed because many of the rays make a small 

angle with the clad surface. These small angle rays (skew rays) 

describe a helical trajectory made up of many reflections that keep 

the ray always close to the outside surface of the scrambler. Some 

of the off-axis light is spread over the end of the scrambler; however, 

most of it stays near the edge. Thus, a scrambler with circular 

cross section tends to give nonuniform power distribution with the 

highest power density at the edge of the scrambler and the lowest 

power density in the center. Even with the noted deficiencies in 

the model, Eq (134) gives a good approximation for the best scrambler 

length. 

In a radial coupler, uniform power distribution can be 

achieved by uniformly distributing the fibers from the various 

radial arms over the entire area of the composite bundle. Another 

approach uses a hollow glass tube for the scrambler13 so that all 

fibers are near the edge of the scrambler. Reference 2 proposes 

the use of rectangular scramblers as shown in Figure 22. The four 

orthogonal faces of the rectangular rod act as plane mirrors very 

much like a child's kaleidoscope. Each point on the exit end of 
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the scrambler sees the input fiber and 8 virtual images (reflections) 

for all positions of the input fiber. Figure 22 shows a centrally 

located input fiber and its reflections or the left and an off- 

center input fiber and its reflections on the right. Light from 

each input fiber is distributed uniformly over the exit face of the 

scrambler. 

Equation (134) gives a good length for a rectangular scrambler 

rod if D is interpreted as the diagonal of the rectangular cross 

section; again, NA must be properly interpreted to achieve the best 

result. 

The key parameters of the fiber optic bundle which have the 

greatest impact on the design of passive couplers are the NA and 

bundle diameter. The effect of these two parameters on the required 

length of the scrambler rod is shown in Eqs (137) and (139). There 

are various types of fiber optic bundles that are commercially avail- 

able or will be available before the end of 1975. The characteristics 

of several of these fiber optic bundles are shown in Table III. In 

order for a scrambler rod to give the same performance wnether the 

light reaching it has traversed a long fiber bundle or a snort fiber 

bundle, the NA, must be the same in all oarts of the data bus. For 

Galileo fiber optic bundles. Section IV B shows that both the angular 

transfer characteristic and the exit end radiation pattern (NA ) 

change as a function of length. This effect is produced by scatter- 

ing and mode mixing in the fibers. Due to the large amount of 

scattering in the Galileo fiber, the equilibrium value of NA =0.24 

is reached in about 150ft. Therefore, the use of Galileo fiber in a 

100ft data bus requires that the scrambler rods and LEDs both have 

radiation patterns characterized by NA = 0.24. This is the NA 

of the SPX 1527 LED coupled to the Galileo fiber optic bundle with 

I lens as shown in Section IV.F. 

The Pilkington fiber and plastic clad-fused silica fiber both 

have attenuation of less than 100dB/km and most of the attenuation 
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at 900nm wavelength is due to absorption in the core glass. Thus, 

these fiber types have very weak scattering; and at a length of 100ft 

are expected to preserve the NA of the LED at the exit end of the 

fiber. The scrambler rods to be used with these two types of fiber 

optic bundle should be designed for the NA of the LED. The SPX 1775 

is an edge emitter LED developed for the Naval Avionics Facility at 

Indianapolis under contract N00163-73-C-0544. This LED is designed 

to couple directly to small diameter fiber optic bundles without a 

lens and has a numeric aperture of NA = 0.21. 

The Corning fiber also has very weak scattering; at lUOft 

length, it is expected to preserve the launch angles at the exit end 

of the fiber. In this case, the fiber bundle has a lower value of 

NA than any available LED. Therefore, a data bus built with Corning 

low-loss fiber optic bundles will require scrambler rods designed for 

NA, ■ 0.14 regardless of what LED is used. 
<p 

As shown in Appendix V the plastic clad-fused silica core 

fibers have the oest radiation resistance of any available fiber 

optic bundles. The maximum operating temperature for the plastic 

clad-fused silica fibers will be greater than 1250C. The limited 

data available suggests that these plastic clad-fused silica fiber 

bundles will be the dominant type of fiber optic bundle used in 

optoelectronic data transmission and data bus applications for 

lengths up to 300ft. Bell Northern Research of Ottawa Canada and 

a number of other companies are developing low-loss, graded index 

single fibers for long distance optical transmission (>1.0km); 

because of the intended application, these graded index fibers are 

usually not available in bundles. These fibers have NA = 0.25 but 

the grading of the index in the core provides a self focusing action 

that dramatically reduces the pulse spreading and increases the band- 

width. It is expected that in the future bundles of 19 or more 

graded index fibers will find application in high-speed data buses 

(>100Mbit/s). 
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The requirement for constant NA in aTl parts of a system is 

peculiar to a data bus and is necessary to insure that all scramblers 

give the same performance. In point-to-point data transmission, the 

launch cone should have the smallest possible value of NA^ because 

small angle rays have lower pulse spreading and attenuation than wide 

angle rays. The transmission characteristic of Galileo fiber optic 

bundles as a function of launch angle and bundle length is shown in 

Section IV.F. 
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SECTION IV 

OPTOELECTRONIC COMPONENTS 

This section presents the results of evaluation of various 

optoelectronic components including 

• photodiodes 

• avalanche photodiodes 

• LEDs 

• fiber optic bundles 

Two discrete component preamps of the type described in Section II,C 

were constructed for use in testing the above components. Evalua- 

tion of these preamps is presented; their performance is compared 

to a commercially available hybrid preamp. The LED evaluation 

includes the use of the speed-up techniques described in Section II.G. 

A.    PREAMP PERFORMANCE 

Figure 23 shows the schematic of a high-frequency preamp con- 

structed on this program for use in component testing. The first 

stage of this amplifier uses the basic design philosophy presented 

in Section II.Cj the second stage is an emitter-coupled driver 

amplifier to interface the preamp to an oscilloscope. Considerable 

difficulty was encountered in the design and construction of this 

circuit. This difficulty was primarily brought about by the high 

input capacitance of the Tektronic oscilloscope (20-25pF). All 

attempts at driving the oscilloscope with an emitter follower re- 

sulted in oscillations at frequencies between 100MHz and 2GHz. This 

high-frequency instability problem was finally overcome by use of 

the non-inverting emitter-coupled driver stage shown in Figure 23. 

This scope drive has a voltage gain of one and a bandwidth ot about 

300MHz {tr = 1.2ns, 10-90%). 
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The preamp portion of Figure 23 uses Motorola MMT 809 

transistors. These pnp transistors have fT=2.5GHz at IE=";.0mA 

and VCE=1.0V. While it is difficult to tell from the data sheet, 

the MMT 809, being a pnp device, should have a lower value of r^ 

than the MMT 807 transistor (npn) that is used in other versions 

of the preamp. The preamp alone has a 3dB bandwidth of about 

175MHz (tr = 2ns, 10-90%). 

When biased at 90V the SPX lbl5 photodiode used with the 

preamp has a 10-90% rise time of about 1.0ns (see Section IV.E) 

and the Tektronix 454 oscilloscope used with the amplifier has 

a specified cutoff frequency of 150'"iz or greater (tr £ 2.4ns, 

10-90%). Measurements made with this photodiode/preamp/postamp/ 

oscilloscope combination give a composite rise time (10-90%) 

of 3ns which corresponds to a cutoff frequency of about 117MHz. 

Since this amplifier has been used primarily for speed of 

response testing, no direct measurement of the equivalent input 

noise was made. However, the noise level observed on the oscil- 

loscope trace is consistent with the value calculated for this 

specific circuit; ^nT 
= O.lyA, eon = 300yV. 

If the oscilloscope is removed from the circuit, the re- 

sulting combination of photodiode/preamp/postamp should have a 

rise time of about 2.8ns and a 3dB bandwidth of 125MHz. From 

Eq (5), the circuit of Figure 23 is an adequate receiver for 

data rates up to 218M bit/s. 

Figure 24 shows another discrete component preamp that 

was constructed and evaluated to offer a direct comparison to 

the T1XL151 hybrid preamp. This amplifier uses npn MMT 807 

transistors in the preamp and pnp MMT 809 transistors in the 

postamp. When driving t\.z  Tektronix ISI oscilloscope inpu<-, 

the 3dB bandwidth is 61 MHz with no peaking observed at any 

frequency. The measured transimpedance for this circuit is 
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16.8kn at 4MHz for an output voltage swing of 80mV (peak to peak). 

Noise measurements were made on this amplifier with the oscillo- 

scope using the tangential noise measurement technique11». This 

measurement technique uses an oscilloscope to determine the rms 

value of the noise by displaying the noise on both dual trace inputs 

of the oscilloscope. The two noise traces are separated and then 

brought together until the dark band disappears between the two 

traces. IK  separation of the base lines of the two traces under 

these conditions is equal to two times the rms value of the noise. 

This tangential noise measurement was implemented by inserting a 

Hewlett-Packard 11549A power divider and a Hewlett-Packard 461A 

amplifier between the preamp and the t/o oscilloscope inputs. This 

power divider is a broad band resistive device that attenuates the 

input signal powe»- by 3dB and then splits it equally between the 

two output ports. The voltage at each output port is therefore 

one-half of the voltage at the input port. When this power divider 

is used, the factor of two voltage attenuation compensates for the 

2 x rms factor in the tangential noise measurement with the result 

that the trace separation is equal to the rms value of the noise 

a* the input of the power divider. The tangential noise mecsure- 

ment technique is ideally suited to amplifier and detector compari- 

sons of this type because it allows the bandwidth, rise time, and 

n^ise to be measured under the same conditions. Pny bandwidth 

limitations of the oscilloscope are included equally in all 

measurements. 

When the HP 461A amplifier and HP 11549A power divider are 

inserted in the receiver system the 3dB bandwidth drops from 

61 MHz to 54MHz. The transient response of the combi-ied system is 

well behaved. The tangential noise measurement gives an rmü output 

noise voltage of 

eon = 400wV 
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This value is 20% less than the value of 480yV calculated from 

Eq (33) for f   ■ 54MHz.    Discrepancy of this magnitude is expect- 

ed because the complete amplifier chain including the oscilloscope 

used in this test is not the two pole network assumed in the 

derivation of Eq (33).    The transimpedance ot 16.8kn used with 

Eq (140) gives an equivalent input noise current of 

inT = 23.8nA (^1) 

This value of equivalent input noise current compares favorably 

to the value of 27.7nA calculated from Eq (20). 

The TIXL151 is a shunt feedback hybrid preamp manufactured 

by Texas Instruments, Incorporated. The amplifier is packaged in 

a TO-5 header and operates from a single power supply voltage. 

For best operation, the photodiode should be biased from a negative 

supply with the cathode of the photodiode connected to the preamp 

input. This causes the preamp output voltage to move in a positive 

sense for increasing light on the photodiode. The TIXL151 driving 

the Tektror, i 454 oscilloscope {SOU termination) gave a 3dB band- 

width of 61.5MHz. However, when the HP 461A amplifier and HP 11549A 

power divider are inserted into the systim the 3dB banowidth drops 

to 49MHz. For pulse operation, this amplifier/oscilloscope combina- 

tion shows a 10% overshoot at the beginning and end of the pulse. 

T^.e transimpedance of the TIXLl51was measured to be 4.68kß at 

4.0MHz for an output voltage swing of 80mV; this is 3.6 times less 

th^n the 16.8kn measured for the circuit of Figure 24. The tangen- 

tial noise measurement on the T1XL151 gives an output noise voltage 

of 

eon = 140yV (142) 
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This is considerably below the value predicted by Eq (33) because 

of the low trans impedance.    Us^ng the transimpedance of 4.68kn 

with Eq (142) gives an input noise current of 

inT = 30nA (143) 

This is 26% highrr than the 23.8nA measured for the circuit of 

Figure 24 and 21% higher than the value calculated from Eq (20) 

for f = 49MHz. Referred to the optical side of the photodiode, 

the TIXL151 gives about a l.OdB degradation in S/N compared to the 

discrete component circuit of Figure 24. 

Based on the ^IMHz measured bandwidth, Eq (5) gives a 

data rate of 106M bit/s for the TIXL151 and the circuit of Fig- 

ure 24. The TIXL151 is a good product for use in fiber optic data 

transmission. The major limitations of the T1XL151 preamp are 

its low transimpedance and limited flexibility. Because it is a 

hybrid circuit, the design is fixed and, therefore, is optimum 

for only one bandwidth. The bandwidth can be reduced with 

externe! -omponents but the bias current can not be optimized to 

produce minimum noise. 

Figure 25 is a plot of Eq (20) which is the expected rms 

noise current for shunt feedback preamps as a function of the 

3dB bandwidth, f . The figure also shows the measured input 

noise current for the amplifier of Figure 24 and the TIXL151 

The point at 8.6MHz is the measured performance of the preamp 

used in the Ten-Channel Data Bus Demonstrator3. The noise in 

this amplifier is 20% higher than the expected value. This 

excess noise is the result of the extra components used in the 

compression circuitry to increase the dynamic range. 
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Figure 25. Preamp Noise Summary 
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B.    TEST ADAPTERS 

Test adapters have been designed and constructed for use 

with high-speed photodiodes and edge emitting LEDs. These test 

adapters are made from standard BNC connectors to ensure compati- 

bility with existing test equipment. Specification drawings for 

the LED adapter, SPX 1629, and photodiode adapter, SPX 1631 are 

shown in Appendix IV. 

The SPX 1629 LED adapter is designed to accept the stud 

mounted edge emitting LED (SPX 1527) used in the Ten-Channel Data 

Bus Demonstrator3 developed for the Air Force. It provides a 

good heat sink for the LED while adding only 23pF in parallel with 

the junction. This unit has a 50fi resistor in series between the 

BNC connector and the cathode of the LED. The LED anode is 

grounded; thus, the BNC center conductor must be driven with a 

negative voltage to forward bias the LED. The 50fi resistor 

serves as a termination for a standard laboratory pulse generator 

and a current limiting resistor for the LED. A voltage pulse of 

-12V will result in an LED forward current of about 200mA. The 

LED adapter is supplied with a removable plastic insert designed 

to hold a fiber optic bundle terminated with the SPX 15253 fiber 

optic lens. 

The SPX 1631 photodiode adapter is designed to accept the 

SPX 1615 p-i-n photodiode, the 505425' photouiode or any other 

photodiode in a T0-46 header. This unit has a lOOOß decoupling 

resistor and a O.lpF bypass capacitor on the orange high-voltage 

lead which projects from the side of the connector. The black 

and white lead is ground. The orange wire can be biased to 

+90V(dc); for use with the SPX 1615 or SD5425 a positive (+) 

bias should be applied to the orange wire. This unit has a lOOfi 

load resistor between the BNC center pin and ground. The adapter 
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with 90V reverse bias on an SPX 1615 or SD5425 contributes a shunt 

capacitance at the output of 11.6pF. Attached to a Tektronix 454 

oscilloscope with an input capacitance of 20pF. the 10-90% rise 

time of the adapter is about 7.0ns—the 3dB bandwidth is 50MHz. 

The photodiode adapter is also supplied with a removable plastic 

insert designed to hold a fiber optic bundle terminated with the 

SPX 15253 fiber ontic lens. 

Appendix W also shows the specification drawing for the 

SPX 1633 fiber optic bundle. This fiber bundle is terminated on 

each end with the SPX 15233 ferrule and the SPX 15253 fiber optic 

lens. The SPX 1633 is compatible with the SPX 1629 LED adapter and 

the SPX 1631 photodiode adapter. The SPX 1633 uses Galileo 46mil 

diameter fiber optic bundle and can be made up in any desired 

length. Most of the component testing performed on this contract 

used a four foot long SPX 1633. Some of the uses of these units 

are listed below: 

• The LED adapter with the 4 foot fiber optic bundle and 

a SPX 1527 LED can be driven from a pulse generator to 

provide a flexible high-speed light source for use in 

testing detectors and optoelectronic receivers. 

• The photodiode adapter with the 4 foot fiber optic bundle 

and a SPX 1615 photodiode can be connected to the input 

of an oscilloscope to provide a flexible high-speed 

photodetector probe for use in evaluating LEDs and opto- 

electronic transmitters. 

• When the two adapters with appropriate LED and detector 

are coupled to each other through the 4 foot fiber a 

simple data link is formed that is useful in observing 

the effect of input current waveform and drive frequency 

on the received signal current. 
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• Since the LED and photodiode are easily removed and 

replaced, both adapters may be used as standard test 

sockets for evaluating large numbers of LEDs and photo- 

diodes under standard test conditions. 

When the SPX 1631 is used with the Tektronix 454 oscillo- 

scope, the low signal level normally makes it necessary to use 

the 5mV/cm sensitivity range. At this sensitivity the 3dB band- 

width of the oscilloscope is 65MHz. This combines with the 50MHz 

cutoff of the adapter to give a 36MHz cutoff frequency for the 

photodiode adapter/oscilloscope combination. The corresponding 

10-90% rise time is 9ns. 

A fi ture was also developed for measuring the modulation 

transfer of LEDs. A schematic of this circuit is shown in 

Figure 26. This fixture provides for independent ac and dc bias 

in the LED so that different modulation depths can be investigated, 

The test point makes it possible to tueasure series resistance and 

series inductance on LEDs. The fixture has a BNC connector to 

interface with a sine wave signal generator and a plastic insert 

designed to hold a fiber optic bundle terminated with the SPX 1525 

fiber optic lens. 

-DC 
Power 

I 

50fi 
f WSr 

Zn<S3 

Test 
t—0 Point 

.1      SOfJ 
Hi—wv— 

\_ LED Under Test 

Figure 26. LED Modulation Transfer Fixture 
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An LED pulse fixture was constructed to measure the effect 

of the speed-up technique discussed in Section II.G. This fixture 

also uses a BNC connector to interface with a pulse generator and 

a plastic insert to position and hold the fiber optic lens. A 

terminal is provided to pre-bias the LED to about 1.0V forward 

bias so that more efficient use can be made of the pulse generator 

output swing. Figure 27 shows two different versions of the over- 

drive circuit. Referring to Figure 12, all or part of the resistor 

Rjj is provided by the 50n output impedance of the pulse generator. 

The value of Ca for a particular LED is determined by using the 

appropriate selection rule; the selection rule for the 2/1 over- 

drive circuit is given in Eq (84). The 2/1 overdrive circuit should 

reduce the LED rise time by a factor of about 4; the 4/1 overdrive 

circuit should reduce the rise time by a factor of 16. 

C. LED DRIVER 

Figure 28 shows the schematic of a broad-band LED driver 
circuit developed and evaluated on this program.    The circuit was 

designed to accommodate both analog and pulse modulation.    Current 

feedback is used in the emitters of Q-l and Q-2 to achieve good 

linearity.    The non-inverting emitter-coupled pair (Q-l and Q-2) 

eliminates Miller-effect capacitance at the input and output 

and gives good response at high frequency.    The transistor Q-3 

insures a constant current load on the power supply during the 

complete modulation cycle.    The current through Q-3 is selected so 
that, in normal operation, neither Q-l or Q-2 will be driven into 

the saturation region.    Under large signal conditions, the driver 

limits by turning off either Q-l or Q-2.    This is similar to the 

circuit and operation of ECL Integrated circuits.    Since saturation 

is avoided the delay time associated with recovery from saturation 

is eliminated. 
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The LED is driven in the collector of Q-2 with a 2/1 over- 

drive similar to Figures 12 and 27. The impedance level has 

been lowered to 22« to decrease the total power dissipation of the 

circuit. 

The collector current of Q-l provides bias for the SE 3450 GaAs 

diode.    The forward voltage of this large area GaAs diode provides 

the dc reference bias for the LED.    This is the basic circuit 

arrangement shown in Figure 12; in Figure 27 this dc reference 

bias was provided with an external 1.0V power supply.    Providing 

the reference bias with the SE 3450 eliminates the 1.0V power 

supply and makes it possible to ground the anode of the LED.    In this 
configuration the cathode lead of the LED can be completely surrounded 

by a metal ground plane to give optimum EMI shielding. 

For the conponent values shown in Figure 28, the current 

in Q-3 is 400mA.   With no ac input, this current divides equally 

between Q-l and Q-2 so that the average collector current of Q-2 is 

200mA.    The dc collector current of Q-2 divides equally between the 

two 22n resistors to provide a 100mA dc bias to the LED.    When a 

sinusoidal signal is applied to the base of Q-l, the LED current 

swings synmetrically about the 100mA dc bias level.    For 100% modu- 

lation at low frequency where the speed-up capacitor has no effect, 

the LED current swings ±100mA about the dc level and, therefore, 

covers the peak-to-peak range 0 to 200mA.   At high frequency where 

the speed-up capacitor has full effect, the LED current swings 
±200mA about the dc level and, therefore covers the peak-to-peak 
range -100mA to +300mA.    This high-frequency overdrive compensates 

the LED cut-off and extends the 0.707 frequency of the light output 

by a factor of about 4. 

The speed-up network is also effective for large signal 

square wave inputs.   When Q-2 turns "on" suddenly, the entire 
400mA current of Q-3 is momentarily coupled to the LED through the 
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speed-up capacitor.    As time continues, the speed-up capacitor 

charges up and the LED current decays e>ponentially to 200mA. 

When Q-2 turns "off", the charge stored in the speed-up capacitor 

momentarily re"erses the LED current to a value of -200mA. 

As time continues, this reverse current decays exponentially to 

zero.    The overdrive current of the turn-on transient stores 

the minority carrier charge needed in the LED to get the light 

output up to the steady state value more rapidly.    The reverse 
current of the turn-off transient extracts the stored minority 

carrier charge from the LED and causes the light output to fall 

to zero more rapidly. 

The MPQ 3303 is a dual  in-line package containing four 

core driver transistors.    The specified minimum fj of these 

transistors is 400MHz.    However, the 3dB bandwidth of the circuit 

in Figure 25 will be limited by the input capacitance of Q-l. 

The two lOOfi resistors at the base of Q-l appear in parallel at 

the input terminal and provide a 50« input resistance.    When 

the input i: driven from a 50fl source the total  resistance at 

the input is 25«.    The expected 42pF of input capacitance at 

the base of Q-l will give a 3dB frequency of about 150Mil2. 

Thus, the circuit should be able to provide a current at the 

collector of Q-2 with a 10-90% rise time of about 2.3ns.    Wider 

bandwidth in this circuit will require a buffer stage with low 

output impedance to drive the base of Q-l. 

Evaluation of the circuit of Figure 28  showed that the 

bandwidth was less than anticipated due to the presence of a 
significant series inductance in the emitter leads of the MPQ 3303. 
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Tests were performed using an LtD with an uncompensated 3dB band- 

width of 40MHz. An optical modulation bandwidth of abcut llOMhz 

was expected with that LED; however, the best that could be 

achieved was 65MHz. Thus, the circuit shown in Figure 28 is 

capable of providing an optical rise time of about 5.4ns. 

The emitter lead inductance problem can be solved by using 

four or more lower power transistors in parallel for Q-l and Q-2. 

This will split up the total current load and effectively reduce 

the emitter series inductance by the number of transistors connect- 

ed in parallel. It is also possible that some of the microwave 

transistor strip line packages have sufficiently low inductance 

to operate satisfactorily without having to parallel transistors. 

An optoelectronic data link using the LED driver of 

Figure 28 and the preamp of Figure 24 would give a 0.707 bandwidth 

of about 44MHz for analog signals. For Manchester coded digital 

signals, Eq (5) gives a data rate of 77M bit/s. The other per- 

formance factors of such a system can be predicted by assuming a 

set of typical romponent parameters and applying the suboptimum 

detection scheme analysis presented in Section II.D. For an 

SPX 1527 edge emitting LED with a 4mW output power at 200mA and 

an SPX 1615 photodiode with a responsivity of 0.5A/W the maximum 

allowable optical attenuation for a 10"8 bit error rate at 77Mbit/s 

is 

am = 2.08 x 10-- (-36.8dB) (144) 

Using 500dB/km Galileo fiber optic bundle and assuming a total 9dB 

interface less1 at the LLD and detector, this data link  /ill have 
a maximum length of 55.6m (182ft). 
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Present diffused junction LEDs can be operated at high 

data rates using speed-up networks—see Section IV.D for measured 

data. However, supplying the overdrive current required to 

achieve this high-speed operation makes the LED driver complex and 

inefficient. The results obtained working with the circuit of 

Figure 28 suggest that a successful wide-band Ltu driver will 

require a buffer amplifier and four or more parallel transistors 

for Q-l and Q-2. This leads to the conclusion that each LED 

driver will be of comparable complexity to the outout stage of 

a connercial laboratory pulse generator designed to operate at 

the same frequency. 

Further development effort on LEDs to increase the basic 

speed of response and power output will result in considerable 

saving of size, weight, complexity and power consumption of the 

LED driver. 

D.   LED EVALUATION AND COMPARISON 

A comparison of various LED structures and their utility 

in fiber optic data transmission systems was presented in Ref 1. 

The conclusion of this comparison was that the shaped LEDs such 

as the hemispherical aome and cylindrical edge emitter geometries 

offered the most promise for coupling to fiber optic bundles. It 

was further concluded that the edge emitter geometry was superior 

to the dome geometry in terms of manufacturability and mechanical 

tolerance control. Thus, even though the dome structure has a 

theoretical performance advantage over the edge emitter, the 

measured performance of the two structures should be comparablr 

In order to check these conclusions, comparison tests were 

made of the SPX 1527 edge emitter LED maoe by Spectronics, Inc. 

and the TIL 09 and SL 1314 dome LEDs made by Texas Instruments. 
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Both LEDs are mounted in reflector packages with O.OCOin diameter 

reflector apertures; both LEDs use O.OlSin diameter GaAs wafers 

with planar diffused p-n junctions.    Because of the similarity 

of the two LEDs, the comparison can be made on a one-to-one basis 

with very little normalization or extrapolation required. 

The three LED types were compared for coupling to fiber 

optic bundles using the LED/fiber optic interface developed for 

the Ten-Channel Data Bus Demonstrator3.    The critical parameter in 

this case is the power into a 10° cone.    The results of this test 

are shown in Table IV.    The two SPX 15?7 LEDs are known to come 

from different lots which used significantly different starting 

material.    No fabrication history is available for the TI devices. 

Microscopic examination s'.ows that the SL 1314 LEDs have epoxy 

filled reflectors while the TIL 09 units contain no epoxy and are 

Table IV. LED Output at 50mA 

Unit Total Output Output Into 
10° Cone 

Percent 
10° Cone 

SPX 1527-59 .774mW .311mW 40.2% 
-DB .757mW .280mW 37.0% 

SL 1314-1 .963mW .138mW 14.3% i\ 

-2 2.098mW .220mW 10.5% 
-3 l^BmV: .186mW 13.0% 
-4 .998..IW .193mW 19.3% m 

-5 1.170mW .172mW 14.7% ! 
-6 2.270mW .267mW 11.8% 
-7 2.012mW .296mW 14.7% 
-8 2.253mW .289mW 12.8% ri 
-9 1.634mW .210mW 12.9% 
-10 1.152mW .163mW 14.1% 

TIL 09 -11 .602mW .181mW 30.1% 
-12 .602mW .172mW 28.6% 
-13 .671mW .169mW 25.2% 
-14 .688mW .163mW 23.7% 
-15 .722mW .2l2mW 29.4% 
-16 .722mW .198mW 27.4% 
17 .688mW .205mW 29.8% 

-18 .636mW .158mW 24.8% 
-19 .654mW .169mW 25.8% 1 
-20 .929mW .263mU 28.3% 1 
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sealed with a flat glass window.    For equal values of internal 

quantum efficiency the epoxy filled SL 1314 should have 1.3 times 

more output than the glass window TIL 09 and 2.3 times more output 

than the SPX 1527.    For the data shown in Table IV, the average 

SL 1314 output is 2.3 times nmre than the average TIL 09 output 

and 2.1 times more than the average SPX 1527 output.    Thus, it 

appears that the SPX 1527 LEDs have the highest internal quantum 

efficiency of the three groups.    In orJer to compare the potential 

performance of the three types of LED", the SL 1314 output power 

values should be multiplied by 1.095 and the TIL 09 output power 

values should ba multiplied by 1.937.    These idjusted average 

ojtput values are shown in Table V.       The two SPX 1527 LEDs used 

in this comparison are typical units that have only about 44% of 

the output power of the 10 selected SPX 1527 LEDs used in the Ten- 

Channel Data Bus Demonstrator3. 

Table  V.      Adjusted Average LED Output at 50mA 

Unit 

SPX 1527 
SL 1314 
TIL 09 

Total 
Output 

.766mW 
1.750mW 
1.338mW 

Output 
10° Cone 

.296mW 

.233mW 

.336mW 

Percent 
10° Cone 

38.6/d 
13.3% 
27.4% 

The LED/fiber optic interface developed for the Optoelec- 

tronic Data Bus Demonstrator has a launch cone numerical aperture 

of 0.24. With a fiber optic bundle diameter of 45mils the product 

of NA and diameter is 

NA X diameter = lO.Bmils (148) 

Referring to Figure 13 of Report No. AFAL-TR-73-1641, at 

lO.Bmils the TIL 09 type dome should put 36.4% more light on the 

fiber optic bundle than the SPX 1527.    From the adjusted average 
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data in Table V. the TIL 09 is only 13.5^ better than the SPX 1527 

and the epoxy filled SL 1314 is 21.3% worse than the SPX 1527. 

Thus, even though all three types of LEDs have performance con- 

siderably less than theoretical limit, the SPX 1527 comes closer 

to its idealized performance than the two dome LEDs. 

The Spectronics Model 170 Radiation Pattern Plotter was 

used to plot the angular distribution of the light output from 

representative LEDs. These far field radiation patterns were 

measured using tha test set up shown in Fiqure 29. An SPX 1615 

photodiode is used in the moving arm on the radiation pattern 

plotter. This detector has an aperture of O.HOin. When the de- 

tector is positioned on the moving arm at 4.0in radius the angular 

resolution is 2° or a half angle of 1°. The far ♦ield radiation 

patterns of three LEDs are shown in Figures 30, 31 and 32; the 

angular resolution of the detector is indicated in each of the 

figures. A far field radiation pattern plot is a graph of radiant 

intensity, I, (W/str), a«; a function of angle from the axis of the 

device under test. The two plots in each figure were taken before 

and after a 90° rotation of the LED ?bout !ts axis. As expected, 

the dome LEDs have wider beam angles than the edge emitter. The 

gain was adjusted for each plot so that the peak radiant intensity 

reached full scale on the plot. 

The radiation pattern plot only gives infon.ation about the 

angular distribution, NA^, of the light emitted by the LED. It 

tells nothing about the shape of the light emitting area. Spot 

scans of edge emitter and dome LEDs at the aperture of the reflector 

show that both devices have an effective light emitting area shaped 

like a donut. In the case of the dome LEDs there is also a bright 

spot in the center of the hole in the dotiut due to direct illumina- 

tion from the top of the dome. 
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The test set up shown in Figure 33 was used to measure the 

rise and fall times of representative LEDs of each type. The results 

of this test are shown in Table VI. The measurements used a pulse 

current of about 200mA delivered through the 50fi resistor in the 

SPX 1629 LED adapter; both the rise time, t^, and the fall time, 

V' are 10"90% values- The rise times are consistently longer than 

the fall times because of the presence of differential heating3 

observed in both the dome and edge emitter structures. Also, the ab- 

sence of pre-bias in the SPX 1629 LED adapter gives a small amount 

of speed-up of the fall cime. The measured fall time more accurately 

represents the true speed of the LED. 

The term differential heating refers to the transient tempera- 

ture difference between the LED junction and other parts of the GaAs 

wafer. When forward bias current is applied to an LED constructed 

like an edne emitter or a aome, most of the applied power is con- 

verted to heat in the region of the junction. This causes the junction 

temperature to rise with respect to the remainder of the GaAs wafer. 

As the junction temperature rises the internal emission peak shifts 

to longer wavelength at about 3A/0C. Since the temperature of the 

material between the junction and the exit surface does not rise, its 

absorption edge does not shift wit»> the internal emission peak. The 

net effect is a transient reduction in absorption which causes the 

light output to rise slowly during the current pulse. 

SPX 1527-59 is from the same lot of devices as the LEDs used 

in the Ten-Channel Data Bus Demonstrator3 and has the same rise and 

fall times as those LEDs. Note that TIL 09-18 has a comparably slow 

response. SPX 1527-DB is an LED from a lot of devices made using 

more heavily doped GaAs. The measured response of this device is 

the same as TIL 09-17 which is the fastest of the TI units. For 

these fast units the measured rise and fall times are significantly 
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in error due to the basic 9ns rise tiire of the measurement equip- 

ment described in Section IV.B. The estimated fall times for the 

LEDs shown in the fourth column of Table VI is obtained from the 

approximation 

V(«t.) • (t^ - t^« (146) 

where tm is the 10-903? rise time of the measurement set up 

Whatever the actual rse times and fall times are, the data in 

Table VI show that the Spectronics and TI LEDs cover the same 

range of values. 

Table VI. LFD Rise Time and Foil "lime 

Unit No. V V t^est.) V*) 
SPX 1527-59 

-DB 
20.0ns 
n.5ns 

17.0ns 
10.0ns 

14.4ns 
4.4ns 

15.2ns 
4.4ns 

SL 1311-2 
-6 
-7 
-8 

13.0ns 
14.5ns 
13.0ns 
15.OPS 

10.5ns 
ll.Sns 
11.0ns 
12.0ns 

5.4ns 
7.2ns 
6.Jns 
7.9ns 7.6ns 

TIL 09-11 
-14 
-17 
-18 

13.0ns 
l?.0ns 
11.5ns 
22.0ns 

10.0ns 
10.5ns 
10.0ns 
19.0ns 

4.4ns 
7.2ns 
4.4ns 
16.7ns 

— 

4.4ns 

The SPX 1631 photodiode adapter in Figure 33 was replaced 

with the high-frequency preamp/scope driver shown in rigure 23 

and this set up was used to measure the rise and fall times of the 

two SPX "'527 LEDs. Table VII shows the response times measured with 

this test set up; these values have been corrected for the 3.0ns 

rise time of the receiver system. These values are more accurate 

than those in Table VI because of the smaller correction required 

for the nwasuring system. 

120 



■-—"■■ "^^^p^w* jumjiA. L-f« ^-»B ' '■    ■■^JWM 

Table VII. SPX 1527 Response Time (10-90%) 

Unit No. 

SPX 1527-59 

SPX 1527-DB 

17.7ns 

5.2ns 

V 
l?.6ns 

S.tns 

The basic test setup of Figure 33 was further modified by 

replacing the SPX 1629 LED adapter with the speed-up fixture shown 

in Figure 27. The response times of the two SPX 1527 LEDs were 

measured using this set up. The 2/1 overdrive network shown in 

Figure 27 with a 47pF capacitor was used with SPX 1527-DB. The 

4/1 overdrive network with a lOOpF capacitor was used with 

SPX 1527-59. Figure34 shows the measured response of the two 

LEDs with their respective speed up networks. Th'jse curves were 

traced directly from Polaroid photographs of the oscilloscope 

display. Correcting for the 3.0riS rise time of the receiver, 

unit-DB has a rise time of 1 Ins and unit-59 has a rise time of 

1.6ns. This is in reasonably good agrepment with the predicted 

improvement; Unit-59 improved by only a factor of 11 rather than 

the predicted factor of 16 and Unit-DB improved by a factor 4.7 

ruther than the predicted factor of 4.0. When the pulse is 

lengthened on unit-59 the tilt observed in Figure 34 develops 

into an undershoot followed by a slow rise back up to the initial 

peak value. No value of capacitance could be found which did not 

give a significant overshoot or undershoot in the 4/1 overdrive 

network. The 2/1 overdrive network on unit-DB is well behaved 

at all pulse widths. 

The studies of LED drive techniques performed on the Ten- 

Channel Data Bus Demonstrator' seemed to indicate the presence 

of a mechanism in tne LED that made it impossible to speed up 

the optical fall time of the light output. Figure 34 shows that 

the speed-up networks shown in Figure 27 improve the fall time 
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almost as much as the rise time.    This result shows that the problem 

encountered on the previous contract was associated with the drive 

circuits and not the LEDs.    Perhaps the most significant result 

related to Figure 34 is the clear demonstration of high-speed data 

transmission using both fast and slow LEDs.    Correcting for the 
response time of the oscilloscope, it is clear that both the LED/ 

speed-up network shown in Figure 27 and the high-frequenry photo- 

diode/preamp shown in Figure 23 are adequate for data rates in 

excess of 200M bit/s. 

The steady state frequency response or modulation transfer 

function was measured for the Spec^ronics and TI LEDs.    The test 

set up for these measurements is shown in Figure 35; the LED is 

driven with the test fixture shown in Figure 26. 

Figure 36 shows the modulation transfe»  function of SPX 1527-59; 

this cun/e was run at a current modulation depth of 75%.    The raw 

data have been corrected for the measured frequency response of the 

test equipment.    The observed 2C% droop in optical modulation depth 

between 0.1 MHz and 5MHz is the result of differential heating in the 

LED and the slow tail response of the SD5425 detector.    The H-P 606A 

signal generator has a top frequency of 65MHz.    However, the corner 
frequency of unit-59 is such that the slope of the high-frequency 
asymptote if clearly demonstrated.    This basic characteristic which 

falls off as f'* at high-frequency is the expected response from 

any p-n junction which operates on the diffusion of minority 
carriers.    An expression for this modulation transfer function is 

given in Eq (73); the 0.707 frequency, f.. is given by Eq (74) and 

the 10-90% rise time, t., by Eq (75).    Using Eq (74) the rise time 

of unit-DB from Figure 36 is 

■ 

V*0 15.2ns (147) 
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This value is recorded in the last column of Table VI for compari- 

son; the value 15.2ns is between the values of rise time {17.7ns) 

and fall time (12.6ns) shown for unit-59 in TabK VII. 

Figures 37,  38 and 39 show the modulation transfer functions 

for SPX 1527-DB, SL 1314-8, and TIL 09-7 respectively.    All of these 

units show the 20% droop between 0.1 MHz and 5MHz.    The high- 

frequency asymptotes have been druwi in with ehe f     slope observed 

in Figure 36.    The 0.707 frequency is marked with a square in each 

figure and the corresponding value of t U) recorded in Table VI 

for reference.    As expected, the modulation transfer functions of 

the two fast LEDs (SPX 1527-DB and TIL 09-17) are almost identical. 

The high-frequency overdrive characteristic of the two edge 

emitter LEDs was also checked using the test set up shown in Figure 35 

Th«; maximum voltage output of the H-P 606A oscillator is 3.16V (rms) 

or 4.47V (peak).    Thus, with a 50n drive resistor, the maximum peak 

äiodulation current that can be supplied is 89rrA.    In order to achieve 

current overdrive on th° LED it is, therefore, necessary to reduce 

the dc bias to a value less than 89mA.    SPX 1527 units 59 and DB 

were both tested to see if overdrive current at nigh frequency could 

maintain a constant depth of modulation in the optical signal. 

Both units were operated at a constant optical modulation depth 

H00%; from 50kHz to 65MHz by adjusting the peak modulation current 

with frequency.    SPX 1527-59 was operated at a dc bias of 30n "\ with 

1.06V rms providing 100% optical modulation at low frequency.    As 

the frequency was increased to ^5MHz, the ac voltage had to be 

increased to about 3.1V rms to maintain tne ac optical signal at 

the low-frequency value.    Unit SPX 1577-DB was operated at a dc 

bias of 50mA with 1.9V rms providing ^100% modulation at 1.0MHz. 

When the ir?quency was increased to 65MHz the ac voltage had to be 

increased to 2.43V rms to,maintain a constant optiral signal.    For 

each of the two LEDs, the current overdrive required for constant 

depth of optical modulation vs frequency is comparable to the fall 

off in optical modulation with frequency fir that LED.    Based on 

AMI >- 
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this encouraging result, a speed-up capacitor was added to the LED 

modulation transfer fixture shown in Figure 26 and used in the test 

set up of Figure 35. With the proper value of speed-up capacitor, 

the optical modulation depth was constant out to 65MHz except for 

the 20% low-frequency droop. This circuit modification was, in 

fact, used to determine the 3dB bandwidth of the intermediate band- 

width preamp shown in Figure 24 and the T1XL151 hybrid preamp also 

described in Section IV.A. These large signal modulation measure- 

ments using a speed-up capacitor and the pulse measurements using 

a speed-up capacitor together constitute an experimental verifica- 

tion of the speed-up network analysis presented in Section II.G. 

The use of speed-up networks with LEDs takes advantage of 

the fact that the light intensity emitted from an LED is propor- 

tional to the stored minority carrier charge. In the "on-off" or 

digital mode the speed-up network dumps the required charge into 

the LED with a large initial current pulse and then sustains the 

steady light output with a lower value of current equal to the re- 

combination current in the diode. At turn-off, the speed-up net- 

work suddenly extracts the stored charge from the LED with a large 

negative current pulse. When the stored charge is removed, the 

light output goes to zero. This is ideal for the highly nonlinear 

digital mode of operation. The major limitation is the inefficiency 

of the driver circuit that is required to supply the large peak 

currents at the beginning and end of each pulse. 

In the analog or linear mode of operation the speed up net- 

work acts as a frequency compensating device. However, the action 

of the circuit can still be understood as controlling the stored 

minority carrier charge. As the frequency increases, the speed-up 

network causes the peak current to steadily increase so that the 

stored charge is moved in and out of the LED more rapidly. This 
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produces a constant amplitude sine wave modulation of the stored charge 

and, therefore, maintains a constant optical modulation depth at 

frequencies above the natural 0.707 frequency of the LED. No harmonic 

distortion measurements were made on this contract. However, no 

serious harmonic distortion problems associated with the speed-up 

networks arc anticipated. Again, the major limitation of speed-up 

networks in analog or linear LED drivers is the complexity and in- 

efficiency of the drive circuit. 

In conjunction with the modulation tests, measurements were 

also made of the series resistance and series inductance of several 

of the LEDs. These measurements were made at a dc bias current of 

100mA with a modulation voltage of 1.0V rms; this corresponds to a 

28% current modulation. Voltage readings at the LED terminals at 

1MHz and b5MHz make it possible to separate the diode impedance 

into series resistance and inductance. The values measured in this 

way are shown in Table VIII. The incremental junction resistance of 

0.26« at 100mA has been subtracted so that the resistance values 

in Table VI represent the parasitic body resistance only. A 

comparison of the SPX 1527 data indicates that unit-DB is at least 

three times more heavily doped than unit 59. This is in good 

agreement with the fall time data; the more heavily doped unit is 

3.45 times faster than the lightly doped unit. Everything else 

being equal, higher doping levels in the starting n-type wafer 

should improve the rise and fall time on about a one-to-one basis. 

A similar comparison can not be made on the TI LEDs because of the 

unknown value of resistance in the submount. The series inductance 

has about the same value for all three types of LEDs used in this 

comparison. This parasitic inductance is probably the limiting 

factor in determining the optical rise time that can be obtained 

using a speed-up network. 
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Table VIII.   Series Resistance and Inductance of LEDs 

Unit 

SPX 1527-59 
-DB 

SL 1314-2 
-8 

TIL 09 -17 

Resistance Inductance 

1.52« 
.50« 

4.6nH 
3.5nH 

.36« 

.54« 
4.5nH 
4.0nH 

.54« 5.0nH 

In summary, the Spectronics SPX 1527 edge emitter LED has 

been compared to two types of TI dome LEDs.    The comparison has 

i ncluded 

t   power coupled to a fiber bundle, 

t   10-90% rise time and fall time, 

• modulation transfer function, 

• series resistance, and 

t series inductance. 

All three types of LEDs tested are remarkably similar. However, 

the edge emitter structures gives the best overall performance 

and continues to be the best LED for use in fiber optic data 

transmission. 

In addition to these comparisons it has been shown that 

large optical modulation depths can be obtained above the 0.707 

frequency of an LED by using current overdrive. Also, for pulse 

or digital signals, both the rise time and fall time of the light 

output can be significantly decreased by using speed-up networks. 
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E.   PHOTODIODE EVALUATION & COMPARISON 

A detailed analysis of photodiodes was presented in Reference 1 

which showed that properly designed silicon planar photodiodes were 

optimum for use in optical data transmission systems. This analysis 

concluded that rhotodiodes having a depletion layer width of lOOum 

would have low capacitance, a rise time of about Ins, and good high- 

frequency responsivity *or LED wavelengths out to about 940nm. 

Silicon photodiodes from several manufacturers have been 

characterized and evaluated for use in optoelectronic data transmission 

systems. While the list of photodiodes is not exhaustive, »ach of 

the major structural classifications is represented including p-n, 

p-i-n, and avalanche types. This evaluation shows that no basic 

new silicon process technology is required for photodetectors to be 

used in optoelectronic data transmission. However, th3 evaluation 

also shows that optimum system performance is obtained only with 

properly designed and constructed photodiodes. Most of the commer- 

cially available photodiodes have one or more serious design and/or 

construction deficiencies. 

The specific components selected for evaluation are: 

%     Hewlett-Packard 5082-4207 p-i-n photodiode (40mil diameter), 
• RfA C30817 avalanche photodiode '30mil diameter) 

• Spectronics, Inc. SD 5425 p-n photodiode (50mil diameter), 

0 Spectronics, Inc. SPX 1615 p-i-n photodiode (50mil diameter), 

• Texas Instruments TISL59 avalanche photodiode (30mi1 diameter), 

• Texas Instruments TIXL-79 avalanche photodetector module, and 

• United Detector Technology PIN-040A p-n photodiode 

(40mil diameter). 

The hybrid LEO and detector modules made by Meret Inc. and dis- 

tributed by Galileo Electro-Optics were also included In the evaluation. 

The Galileo designation for the transmitter module is Model 3555971F; 

the receiver module designation is Model 3555971R. 

The SD 5425 and SPX 1615 photodiodes are packaged in TO-46 lens 

can headers; all of the other photodiodes selected for evaluation are 
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SPX 1525 

Detector Chip 

Figure 40. Detector/Fiber Optic Interface 

for Photodiode Evaluation 
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packaged in flat window cans. Because of the distance between the 

window surface and the silicon chip and the small active area of most of 

the detectors, it is difficult to obtain efficient coupling to a 0.046 inch 

diameter fiber optic bundle. This problem has been at least partially 

solved by adding external lenses to each of the detectors. The external 

lenses were prepared by filling standard TO-46 lensed cars with epoxy. 

The resulting thick lenses have a focal length of about 200 mil and a 

focal point about 40 mil outside the back of the can. When the epoxy 

filled lenses are cemented on the flat window ohotodiode cans, the 

surface of the silicon chip is nominally located at the focus of the 

lens. Using this approach, the SPX 1525 lens termination was employed 

in a plugable detector/fiber optic interface shown in Figure 40 in 

all detector tests. The 46 mil diameter of the fiber optic bundle and 

the 140 mil focal length of the SPX 1525 combine with the 200 mil focal 

length or tne epoxy filled lens to produce a 65 mil diameter light spot 

at the plane of the detector surface. An estimate of the interface 

coupling loss for each detector type is given in the discussion. With 

the epoxy filled lens cemented into place, there are only two glass/air 

interfaces in each detector. 

1. SO 5425 Performance 

The SO 5425 is a p-n junction photodiode manufactured by 

Spectronics Inc.; Table IX gives a summary of the specifications for 

this device. This photodiode was used in the Ten-Channel Data Bus 

Demonstrator3 and is compatible with the photodiode adapter and other 

test fixtures and preamps described in Sections IV.A and B. The 

total capacitance includes about 0.5pF of header capacitance. The 

responsivity refers only to the high-speed response and the 7.8% 

front surface reflection loss in the lens is included in the responsivity. 

When the SD 5425 is interfaced with the SPX 1525 fiber optic lens 

the optical loss at the olugable interface is about -l.OdB'. 

The test set up of Figure 33 was used to evaluate the slow tail 

response of the SD 5425 as a function of bias voltage. The LED is 
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DESCRIPTION: 

ACTIVE AREA: 

TABLE IX. SD 5425-2 

P-N Photodiode, TO-46 Header, Lens Can 

.0501n Diameter 

OPTICAL/ELECTRICAL SPECIFICATION 0 250C: 

Reverse breakdown voltage PIR = lOyA 

Dark Leakage Current @VR = 90V 

Total Capacitance 0VR = 90V, f = 1.0MHz 

Responsivity @ 907nm, 90V 

Rise Time (10-86%), 907nm, 90V 

Series Resistance I 90V 

Slow tail response, 907nm, 90V 

MIN 

100V 

.5A/W 

TYP 

200V 

l.OnA 

3.5pF 

.58A/W 

1.0ns 

1500 

12.5% 

MAX 

20nA 

SPX 1527-59 operated at a pulse current of 200niA. The test results are 

shown in the series of photographs in Figure 41. The 135V pulse re- 

sponse is reproduced in Figure 42. The slow tail response of the de- 

tector alone is 7.5% of the total as shown by the trailing edge or 

"turn-off" portion of the response. The 15% slow tail response observed 

during the "on" time of the pulse results from the combination of the 

7.5% slow-tail response of the detector and en additional 7.5% rise 

in the output of the LhD due to the differential heating effect dis- 

cussed on page 119. This is also true for each of the photographs in 

Figure 41; the "turn-off" characteristics represent the slow tail re- 

sponse of the detector alone and the "t-rn-on" characteristic is the 

combined effect of the LED and detector slow tail responses. At zero 

bias the detector slow tail response is about 70% of the total; while 

at 22.5V it represents only 31% of the total. At higher reverse bias 

the detector slow tail response drops to ?1% at 45V, 15% at 67.5V, 

12.5% at 90V and finally about 7.5% at 135V. The preferred operating 

bias for this photodiode is 90V or greater. 
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The slow tall response of the detector Is the result of light 

absorbed in the undepleted regions of the silicon chip; this effect 

is desdribed in detail in Reference 1. The slow tail response of a 

photodiode can be a major limiting 'actor in optoelectronic data 

transmission. At a low data rate, the slow tail response is accept- 

able because the signal current can reach the full steady state 

value before the end of the pulse. At medium data rates, the slow 

tail response begins to introduce intersymbol interference that 

decreases the available signal current. For high data rates, the 

slow tail response gives a steady dc response with the fast portion 

of the response riding on top of the dc level. This condition is 

undesirable because of both the decrease in the available signal 

current and the increase in noise that results from full shot noise 
on the dc response. 

or 

15<; Slow Tail 
(Detector and LED) 

INPUT   FROM 
SPXI527  LED 
I    = 200mA 

-L 
2 

Time 
9 

(MS) 

£ 
T 

7.5% Slow Tail 
(Detector Only) 

Figure 42.    SD 5425 Photodiode Response 

at 135V Reverse Bias 
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The "turn off" transient in Figure 41 shows that the slow tail 

response has a 10-90% rise time of about 2ys.    Comparing this to the 

10-86% rise time of Ins given in Table VII gives a 2000/1 ratio be- 

tween the fast response and the slow tail response.    This shows that 

the data rate that can benefit from the slow tail response of this 

diode is about 1/2000 times the data rate that can be handled by the 

high-speed depletion region response.    The speed of the slow tail 

response is determined by the bulk lifetime, wafer thickness and 

minority carrier diffusion constant.    The SO 5425 slow tail response 

has a speed that  is typical of most silicon photodiodes. 

The SD 5425 is an acceptable photodiode for most optoelectronic 

data transmission applications—particularly at data rates below 15M 

bit/s.    The active area is ideally suited for coupling to fiber optic 

bundles with    diameters of 45mil or less.    The limitation of this 

photodiode which tend to degrade performance at high data rates are: 

high capacitance, high series resistance and a significant slow tail 

response. 

2.    SPX 1615 Performance 

The SPX 1615 is a p-i-n photodiode manufactured by Spec- 

tronico. Inc.; Table X gives a summary of the specifications for this 

device.    The LED measurements using the speed-up network shown in 

Figure 34 were made using an SPX 1615 photodiode with the amplifier 

shown in Figure 23.    The TO-46 lens can is ideal for coupling to the 

SPX 1525 fiber optic lens; the coupling loss of this interface is about 

l.OdB.    An analysis is presented in Appendix I which shows the basis of 

the 1.1ns rise time at 907nm shown in Table X.    This photodiode is 

designed so that the entire thickness of the wafer is depleted at a 

reverse bias of 90V.    Operation of this detector in full depletion 

gives minimum capacitance, minimum series resistance, and essentially 

eliminates the slow tail response at all wavelengths.    The test set 

up of Figure 33 was used to evaluate tha slow tail response of the 

SPX 1615 as a function of bias; the test results are shown in 

Figure 43.    At 22.5V the slow tail response is about 15% of the total 
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Table X.    SPX 1615 

DESCRIPTION: 

CHIP THICKNESS: 

ACTIVE AREA: 

PIN Photodiode, TÜ-46 header, lens can 

.004in (nominal) 

18CV 

.5A/W 

TYP 

200V 

InA 

2.7pF 

.64A/W 

l.ms 

15n 

90V 

2.5% 

MAX 

20nA 

,050in diameter 

OPTICAL/ELECTRICAL SPECIFICATION AT 250C: 

MIN 

Reverse breakdown voltage (?IR=10yA 

Dark leakage current @ VR=100V 

Total Capacitanc- @ Vp=100V 

Responsevity 0 907nm 

Rise time (10-90%) P 907nm, 100V 

Series Resistance (calc.) ? 100V 

Voltage for complete depletion of 

wafer 

Slow tail response @VR=90V 

and the high-speed response is about 87% of the 90V value.    However, since 

the wafer is only depleted about 2.0 mil. the series resistance is 160ft 

and the capacitance is about 4.9pF.    At a reverse bias of 90V. the slow 

tail response is nearly gone, the capacitance is 2.7pF and the series 

resistance is 1SQ.    The small  (2.5%) slow-tail response at 90V bias 

results from light striking the undepleted regions of the surface of 

the wafer. 

The SPX 1615 is near optiniim for ill optoelectroni: data transmission 

applications.    The active area is ideal for coupling to fiber optic 

bundles with diameters up to 45 mil.    For data rates up to 10M bit/s 

the SPX 1615 may be operated at bias voltages as low as Z2.5V.    For 

high data rate systems optimum performance is obtained at a bias voltage 

of 90V or higher.    The photodiode/preamp noise characteristic shown 

in Equation (26) and Figure 5 are based on the use of an SPX 1615 

photodiode at 90V bias. 

In Figure 43 the "turn-off" transient for VR = 135V demonstrates 

that there is almost no detector slow tail response at that bias voltage. 

Thus, the "turn-on" transient for VR = 138« represe.-ts the slow tail 

output of SPX 1527-59 LED operated at a 200mA peak current.    This LED 
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slow tail response is about 12.5% of the total and has a 10-90% rise 

time of about 3ys. The LED slow tail is only present in the "turn-on" 

transient because the transient change in absorption in the GaAs chip 

can only be observed when the junction is emitting light. Since the 

LED slow tail effects the "turn-on" transient but not the "turn-off" 

transient it is a nonlinear effect that will give rise to harmonic 

distortion in analog systems. The LED slow tail response can be 

reduced by decreasing the thermal resistance of the LED; for a 

particular LED it can be reduced by lowering the drive current. The 

detector slow tail response effects the "turn-on" and "turn-off" 

transients equally and therefore does not introduce nonlinearity. The 

20% droop in modulation transfer function between 0.1 and 5.0MHz shown 

in Figures 36, 37, 38 and 39 is the result of the slow tail response of 

the LED and the SD 5425 detector used in those measurements. 

3. PIN-040A Performance 

The PIN-040A is a low-leakage silicon p-n junction photodiode 

male by United Detector Technology.    Table XI gives a summary of the 

measured and calculated characteristics of this device.    The flat window 

TO-46 header made it necessary to use the epoxy filled lens in the 

fiber optic interface for this unit.    While this photodiode does 

Table XI. PIN-040A 

I 
DESCRIPTION: P-N Photodi ode. TO-46 header. flat window 

ACTIVE AREA: .040in diameter 

OPTICAL/ELECTRICAL CHARACTERISTICS AT 250C 

Reverse breakdown voltage @IR = lOpA 90V 

Dark leakage current at VR = 30V l.OnA 

Total capacitance 9 VR = • 90V 6.7pF 

Responsivity @ 907nm 0.4A/W 

Rise Time (0-50%) <1.0ns 

Series resistance 0 90V (estimate) 60« . 

Slow tail  response @90V 50* 

have a planar diffused junction, there is no oxide on the surface of the 

diffused p-type layer.    The absence of the anti reflection coe »ting effect 
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nonnally provided by the thermally grown SiOa in the active area gives 

a low value for the r^sponsivity at 907nn;. The ohmic contact to the 

diffused p~type layer is very small--about 1.5 mil X 1.5 mil. This 

undesirable contact geometry leads to a relatively large series resistance; 

the capacitance is higher than the SD 5425 even though the area is 

smaller. The plugable interface loss for the SPX 1525 fiber optic lens 

is about 5.2dB. Figure 44 shows the 907nm response vs bias characteristic 

for the PIN-040A. Notice that the "turn-off" transient is the same 

for all bias voltages. Increasing the reverse bias on this unit has 

the effect of increasing only the fast response. The 50% slow tail 

response at the breakdown voltage is not a desirable characteristic. 

The slow tail response of the PiN-040A (and dH other photodiodes tested 

on this program) will decrease for sl.orter wavelength. 

The PIN-040A is not recommended for use in optoelectronic data 

transmission systems. The high capacitance, high series resistance, 

low responsivity and large slow tail response combine to make this 

component unsuitable. The interface loss using the SPX 1525 is 4.2dB 

higher than for the SD 5425 or SPX 1615. 

4. 5082-4207 Performance 

The 5082-4207 is an epitaxial p-i-n planar silicon photodiode 

made by Hewlett-Packard. Table XII shows the specifications for this 

photodiode. This device uses the same form of annular contact to the 

p-type diffused region that is used on the SD 5425 and SPX 1615. The 

epitaxial chip eliminates most of the series body resistance; however, 

the use of a thin high-resistance p-type region gives a relatively 

large value of series resistance. The measured capacitance shown in 

Table XII is comparable to the SPX 1615 even though the junction area 

is smaller. Because of the flat window can the epoxy filled lens 

interface shown in Figure 40 was used with this photodioue. The 

plugable interface loss with the SPX 1525 fiber optic lens was 

estimated to be 5.2dB. If a T0-18 Ions can were used on this unit the 

plugable interface loss would be about 2.0dB. The responsivity and 

rise time of this photodiode have good and useful values at 770nm 
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DESCRIPTION: 

I 

Table XII. 5082-4207 

Epitaxial p-i-n photodiode, TO-18 Header, 
Flat Window 

ACTIVE AREA:     .040in diameter 

OPTICAL/ELECTRICAL CHARACTERISTICS AT 250C: 

Maximum steady reverse voltage 20V 

Peak inverse voltage 200V 

Dark leakage current @VR = 25V 0.5nA 

Total Capacitance (aVR = 20V (measured) 2.6pF 

Responsivity @ 770nm(Manufacturers Spec.) 0.5A/W 

Rise time (10-90%) @ 770nm(Manufacturers Spec)  <i.0ns 

Series resistance 50^ (max) 

Slow tail response (a 22.5V, 907nm(Measured) 13% 

where chey are specified. However, at 907nm the responsivity is down 

to about 0.33A/W and a 13% slow tail response is present. The response 

vs bias for the 5082-4207 is shown in Figure 45- The lightly doped 

n-type epitaxial layer in this photodiode is fully depleted at a 

bias of 22.5V; the use of larger bias voltage produces a negligible 

improvement in performance. 

The Hewlett-Packard 5082-42U7 p-i-n photodiode is useful in 

many optoelectronic data transmission applications. Its advantages 

are low caoacitance and low bias voltage.  Its principal disadvantages 

are low responsivity, high series resistance and a 13% slow tail 

response at 907nm. The plugable interface loss with the SPX 1525 is 

4.2dB more than for the SD 5425 and SPX 1615. 

5.    TISL59 and TISL79 Performance 

The TISl 59 is a p-n junction planar silicon avalanche photo- 

diode made by Texas Instruments, Inc. Table XIII shows the specifica- 

tions for this photodiode. The silicon wafer uses a guard ring 

diffusion to eliminate surface breakdown and confine the avalanche 

multiplication to a .30in diameter region. A flat-window T0-5 header 

is used for this unit. Both the anode and cathode of the photodiode 

are isolated from the header; a pin is provided for grounding the 
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i.eader. Because of the flat window can. the epoxy filled lens inter- 

face shown in Figure 40 was used with this photodiode. The plugable 

interface loss with the SPX 1525 fiber optic lens is estimated to be 

7.7dB; this is 6.7dB more than the SPX 1615 interface loss. 

Table XIII.TISL59 Avalanche Photodiode 

DESCRIPTION:  silicon p-n junction avalanche photodiode, 

TO-5 header, flat window, wafer isolated 

from header, operating temperature range 

-65 to +1250C. 

ACTIVE AREA:  .030in diameter 

OPTICAL/ELECTRICAL SPECIFICATION • 250C: 

Reverse breakdown voltage ^ IR = 10ViA 

Dark leakage current P VR = 100V. Bulk 

Surface 

Total capacitance @ VR = 100V, f « 1.0MHz 

Responsivity at 907nm, m = 1. ac 

dc 

Gain-bandwidth product at max gain 

Series resistance 

Gain for sustained avalanche 

Slow tail response at 907nm 

The temperature coefficient of breakdown voltage for the TISL59 

is typically 190mV/oC. Thus, an ambient temperature range from -550C 

to +1250C requires a bias voltage change of about 34V to maintain 

const* t avalanche gain. This voltage change is only about 20% of the 
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Figure 46.    TISL59 S/N Performance 
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nominal 170V breakdown voltage. A low temperature coefficient of 

breakdown voltage is typical for the p-n junction guard-ring con- 

struction used in the TISL59. This desirable characteristic makes 

it possible to construct practical voltage regulator circuits that 

provide constant avalanche gain over the full temperature range 

.550C to +1250C. 

Avalanche gain, m, in a photodiode is signal gain ahead of 

the preamp and, therefore, reduces the noise contribution of the 

preamp. The resulting improvement in S/N as compared to a p-i-n 

diode is the major performance advantage offered by avalanche gain. 

Unfortunately, the avalanche process is itself noisy. Increasing 

the reverse bias voltage from zero first causes the S/N (current 

ratio) to increase linearly with m as shown in Figure 46. This is 

followed by a region in which S/N achieves a maximum value at the 

optimum value of avalanche gain, mopt. For still higher voltage 

bias, the S/N drops slowly with increasing m. In the TISL59 the 

S/N for m > m0 t varies as m"'
15. Finally, a bias voltage is 

reached at which some portion of the junction goes into sustained 

avalanche breakdown. This condition is characterized by an abrupt 

increase in avalanche noise which causes a precipitous drop in S/N. 

As shown in Table XIII the gain for sustained avalanche tends to be 

different for each diode ranging upward from a minimum value of 100. 

The device tested on this program has a sustained avalanche thres- 

hold of m = 187 at a bias voltage of 162V. 

The S/N scale in Figure 46 is a relative scale; however, the 

S/N improvement at mopt is typical for the TISL59 used with a high 

performance preamp such as the TIXL151 or the Spectronics, Inc. 

intermediate bandwidth preamp shown in Figure 24. 

1 
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In an avalanche photodiode, only the bulk dark leakage current 

is multiplied by the avalanche gain. The larger surface leakage cur- 

rent shown in Table XIII flows to the diffused guard ring and is not 

acted on by the avalanche gain. Thus, only the smaller bulk leakage 

current is important in determining the S/N performance of an avalanche 

photodiode. Typical leakage current values in Table XIII show that the 

surface leakage K. about 500 times higher than the bulk leakage. As 

the temperature of the diode is increased above 250C, both bulk and 

surface dark leakage currents increase about a factor of 2 for each 

10oC; for the range 250C to 1250C the two components of leakage current 

will increase by about 1000 times. The effect on S/N is shown in 

Figure 46. The drop in S/N at 1250C for m = 1 is caused by the in- 

crease in surface leakage; the drop in S/N at m 1 ni0D*. is the result 

of the increase in bulk leakage. At 250C the bulk leakage is so low 

(~20pA) that m . is greater than the sustained avalanche threshold. 

Therefore, for junction temperature, T., between -550C and 250C the 

S/N improvement is proportional to m over the entire useful bias 

range. At 60oC the bulk leakage is about 200pA and its effect on 

S/N is significant only for m > 100. At 90oC the bulk leakage is 

about 2nA and m . is about 125; the S/N at m . is about 54 times 

higher than for m = 1. At 1250C the bulk leakage is about 20nA and 

m . is about 60. The S/N at m . is about 18 times higher than for 

m = 1; the S/N improvement, at 1250C drops to about 17.3 for m = 125. 

Figure 46 shows one of the basic limitations of avalanche 

detectors. If the avalanche gain is held constant at m = 125, then 

the S/N drops more than 7 times as the temperature goes from -550C 

to 1250C. If the detector is biased for an avalanche gain of 60 

(m . at 1250C), then the S/N changes by about 3.3 times for tempera- 

tures between -550C and +1250C. For a worst case system design only 

the performance at the highest operating junction temperature can be 

considered. Thus, the considerable S/N improvement offered by 
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avalanche photodiodes at junction temperatures up to 60oC are not 

applicable to military avionics systems which require junction temper- 

atures of 1250C.  Compared to m = 1, the typical TISL59 shown in 

Figure 46 has a S/N improvement of 18 times at 1250C. A TISL59 with 

the maximum bulk leakage of 150pA shown in Table XIII would have a S/N 

improvement at 1250C of only 7.5 times at m . = 22. 

The utility of the TISL59 avalanche photodiode is further 

diminished by the low value cf ac responsivity at 907nm shown in 

Table XI11.This ac responsivity of 0.25A/W is caused by the narrow 

depletion layer width of the TI device and is inherent to the basic 

structure of the unit. If the TISL59 is constructed to have a greater 

depletion layer width to provide an ac responsivity of 0.5A/W, Ihe re- 

sult is an increase in breakdown voltage from 170V to 450V. Comoarison 

to Table X shows that the responsivity of the SPX 1615 is 2.56 times 

higher than the ac responsivity of the TISL59. The framework of compar- 

ison for photodiodes in this report is the plugable optical interface 

shown in Figure 40; this coupling scheme is based on readily available 

optical elements and conventional Galileo fiber optic bundles. Within 

the context of this coupling scheme, the interface loss for the 

TISL59 is 6.7dB (4.68 times) more than the interface loss of the 

SPX 1615. The amplifier noise is affected by the photodiode capaci- 

tance as shown by Eq(16). Therefore, the amplifier noise levels with 

the two photodiodes must be included in the S/N comparison. The 

noise data taken at 250C in support of Figure 46 used a TIXL151 pre- 

amp similar to the one characterized in Section IV.A. The measured 

rmr, output noise voltage is 240viV with the TISL59 and 160viV with the 

SPX 1615. This 1.5 times S/N improvement for the SPX 1615 is con- 

sistent with the 2.7pF capacitance from Table X compared to the 

8.5pF capacitance of the TISL59 given in Table XIII. 

151 





 — 'U,  ' '^i- X 

i 

153 

When the interface loss (4.68 times), responsivity ratio 

(2.56 times), and noise ratio (1.5 times) are all combined, the 

total S/N of the SPX 1615 is 18 times higher than the TISL59 for 

m = 1. This comparison point for SPX 1615 is shown in Figure 46. 

It should be pointed out that the TISL59 interface loss could be 

reduced by at least 3.0dB by optimizing the package for that unit. 

Figure 46 shows that for a military avionics system requir- 

ing a junction temperati-re of 1250C the S/N of a typical TISL59 is 

equivalent to the SPX 1615; the worst case TISL59 (150pA bulk leak- 

age at 250C) is inferior to the SPX l|U at 1250C. Even at 25°C 

the S/N of the TISL59 is only 10 times higher than the S/N of the 

SPX 1615. Based on this performance comparison, the added cost 

and complexity of the TISL59 avalanche photodiode is not justified I 

in a fiber optic data transmission system. 

Table XIII shows that the dc responsivity of the TISL59 at 

907nm is 0.5A/W. this value is twice as large as the ac responsi- 

ity  This leads to a 50% slow tail response as shown in Figure 47. 

The fast or ac portion or the rsponsivity has a 10-90% rise time 

of less than Ins and the slow tail response has a 10-90% rise time 

of about 0.5ys. The slow tail response is seen to be independent 

of bias voltage.  The series of response curves shown in Figure 47 

all have the same voltage scale; the magnitudes of the output 

show the relative avalanche gain for each bias voltage. The curve 

for 162V corresponds to an avalanche gain of 187; this point is 

just below the threshold for sustained avalanche. Figure 48 shows 

a plot of avalanche multiplication gain vs. bias for the TISL59 

that was evaluated; this curve shows the extremely critical de- 

pendence of avalanche gain on bias voltage that is characteristic 

of these units. 
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An overview of the performance of the TISL59 shows that this 

avalanche photcdiode is not optimized for 907nm wavelength. Further- 

more, the relatively high junction capacitcnce increases high fre- 

quency noise and the „„lall junction diameter nakes it difficuU to 

couple to .045in diameter finer optic bundles. A significant 

improvement in performance results if the TISL59 is operated at a 

wavelength of 800nm. At this wavelength the ac and dc responsivities 

are equal at about 0.6A/W and the slow tail response disappears. 

The TISL79 is an avalanche photodiode receiver module manu- 

factured and sold by Texas Instruments, Inc. This module includes 

a TISL59 avalanche photodiode, a TIXL151 hybrid preamp and a regula- 

ted power supply to track the breakdown voltage of the photodiode in 

such a way that the overall gain of the unit is constant with temper- 

ature. The measured performance of this module is consistent with the 

data provided by TI and the performance of the individual components 

as discussed above. The characteristics of the module provided by TI 

are presented in Table XIV. 

Optical coupling to this module was accomplished with the 

plugable interface shown in Figure 40. This gives an interface loss 

of 7.7dB (5.9 times). Thus, for this fiber optic coupling technique 

the NEP given in Table XW must be multiplied by 5.9. 

i 

NEP = (5.9)(1.91 x 10"13) WHz"1 

= 1.13 x lO"12 WHz"* 

This NEP value is 6.7 times better than the expected 

NEP = 7.6 x lO-12 WHz' based on the TIXL151 noise performance from 

Figure 25 and the SPX 1615 characteristics given in Table  X.    The 

S/N comparison presented in Figure 46 predicts that the S/N of the 

avalanche module should be 6.9 times higher than the SPX 1615 at 

(148) 
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Table XIV. TISL79 Avalanche 

Photodiode Module 

DESCRIPTION: 

ACTIVE AREA: 

Optical receiver module including 

TISL59 avalanche photodiode 
TIXL151 hybrid preamp 

regulated power supply for constant gain. 

.030in diameter 

OPTICAL/ELECTRICAL SPECIFICATION 

High Voltage supply P 1.5mA 

Amplifier bias voltage @ 20mA 

Photodiode responsivity @ 907nm 

Avalanche multiplication gain 

Transresistance of preamp 

Module responsivity (? 907nm 

Output noise voltage 

Noise Equivalent Power 

Signal bandwidth. 3dB 

min. meas. max. 

240V 240V     255V 

8.0V 8.5V     9.0V 

ac .25A/W 

dc .45A/W 

-40oC 120 

+60oC 125 

5.4kn 

ac 1.69xl05V/W 

dc 3.04xl05V/W 

250C 300uV 

60oC SOOuV 

250C l^lxlO-^WHz"4 

60oC 1.91xl0-13WHzJ 

55MHz 

I 

I 
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Table XV   C30817 Avalanche Photodioe 

DESCRIPTION: silicon n-p-TT-p avalanche photodiode, 

reach through structure to eliminate 

slow tail response, TO-5 header, 

flat window, wafer isolated frorr 

header, operating temperature range 

-40 to +70oC. 

ACTIVE AREA:   .031in diameter  (.08cm) 

OPTICAL/ELECTRICAL SPECIFICATION @ 250C 

Reverse breakdown voltage 

Temperatute coefficient of breakdown 

voltage 

Responsivity (? 907nm 

Data leakage current (? 335V bulk 

surface 

Min. Typ. Max. 

300V 375V 475V 

_ 1.8V/0C - 

.51A/W .62A/W - 

« - lOOpA 

- .lliA .2uA 

- 2pF 4pF 

- 2ns 3ns 
— 

inn 
ion 
19Q 

15« 

Total capacitance 0 335V 

Rise time, 10-90«, 50ß load 

Series resistance 

Avalanche gain @ 335V 

is estimated to be 7.4dB; this is 6.4dB (4.4 times) more than the 

SPX 1615 interface loss.  The temperature coefficient of breakdown 

voltage at 1.8V/0C is 9.5 times higher than the TISL59 and the oper- 

ating bias voltage for the C30807 is two times higher than the TISL59. 

For the limited temperature range of -40oC to +70oC the bias voltage 

must be changed by 200V from 235V to 435V respectively to hold the 

avalanche gain constant at a typical value of 120. Compared to the 

room temperature bias of 335V this represents a 60% change as com- 

pared to the 20% change required for the TISL50 over a wider temper- 

ature range (-550C to +1250C). The large bias range required by the 

C30817 is undesirable because it increases the complexity of the 

required voltage regulator and requires a two times higher power 
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supply input voltage than the TISL59. Even though this bias cnarac- 

teristic is undesirable, it is inherently related to the n-p-Tt-p 

structure and must be tolerated to achieve some of the very desirable 

performance characteristics associated with this construction. 

One of the desirable characteristics of the RCA reach through 

structure is the elimination of the slow-tail response. Figure 50 

shows the response of the C30817 at 907nm as a function of bias. 

The slow-tail response is eliminated for all bias voltages greater 

than 150V. This RCA avalanche detector and the SPX 1615 are the 

only two photodiodes investigated on this program which do not show 

a significant slow-tail response. The 10-90X rise time of the RCA 

diode at 335V is typically 2ns. This is adequate for many applica- 

tions but is slower than both the SPX 1615 and the TISL59. 

Another desirable characteristic of the RCA device is the 

relative insensitivity of avalanche gain to reverse bias voltage 

shown in Figure 51. This characteristic is inherently related to 

the large temperature coefficient of breakdown voltage; however, 

it is useful in laboratory work at constant temperature because it 

allows the avalanche gain to be set and controlled more precisely. 

Figure 51 should be compared to the similar curve for the TISL59 
shown in Figure 48. 

The S/N performance of the C30817 is presented in Figure 52. 

From Figure 52 the useful range of bias is for m > 30; this 

range is marked in Figure 52. At room temperature the avalanche 

noise on the bulk leakage is completely negligible and the major 

effect of avalanche gain is to reduce the preamp noise. At the 

recommended bias voltage of 335V the avalanche gain is 112. A 

photodiode with a maximum bulk leakage of lOOpA at 250C will have 

a bulk leakage of about 2.3nA at 70oC. In this case mo t is near 

112 and the S/N improvement is 51 times compared to m »V The 

responsivity and capacitance of the C30817 are essentially the 
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same as the SPX 1615. Therefore, no correction factor for these 

parameters is needed to compare these two photodiodes. The Inter- 

face coupling loss for the C30817 is 6.4dB (4.4 times) more than 

the SPX 1615. The S/N for the SPX 1615 is 4.4 times higher than 

for the C30817 at m = 1; at least 3.0dB of the interface coupling 

loss of the RCA photodiode could be removed by optimizing the 
package. 

Figure 52 shows that the C30817 S/N for ■ = 112 and 
Tj < 250C is about 25 times higher than the SPX 1615. Comparing 

Figure 46 and Figure 52 shows that at the same avalanche gain 

the S/N of the C30817 is 4.1 times higher than for the TISL59 

The worst case C30817 operated at 70oC has a S/N that is 11 6 

times higher than the SPX 1615. If the worst case C30817 could 

be operated at 125°C the S/N at m = 112 would be 2 times higher 

than for the SPX 1615 or the typical TISL59. 

The RCA data sheet supplied with the C30817 gives a room 

temperature NEP of 1 x UT" WHz* at 907nm and 335V. However, 

when the avalanche photodiode is combined with the TIXL151 

hybrid preamp and the plugable optical interface, the NEP of 

the optical receiver is significantly lower. At 335V the overall 

responsivity of the C30817 to the 907nm light from the fiber optic 
lens is 

JS = (n2)( 62A/W)  lc OÄ/ii 
4.4       4.4 ' / " 15.8A/W 

From Eq(143) the input noise current of the TIXL151 i; 

(149) 

1nT ■ 30nA (143) 
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From Eq(29) the equivalent noise bandwidth of the TIXL151 is 

Af ■ 2.48 f. = (2.48)(49MHz) 
3 • 

Afa = 122MHz 

(150) 

Combining Eqs (143). (149) and (150) gives the NEP of the receiver 

4.4i 
NEP = 

nT 
inRlÄfT* 

(151) 

30nA  

(15.8A/W)(122MHz)i 

- 1.72 x lO"13 WHz* 

Figure 5 shows a theoretical NEP with an SPX 1615 photodiode of 

NEP - 4.3 x lO"12    WHz* 
(152) 

The ratio of Eq(152) to Eq(151) shows that the RCA avalanche photo- 

diode/preamp has an NEP that is 25 times better than the SPX 1615/ 

preamp NEP. This result is in good agreement with the S/N per- 

formance presented in Figure 52. 

An overall review of the performance of the C30817 avalanche 

Photodiode shows a number of desirable characteristics including 

• low series resistance, 

• low capacitance 

• no slow tail response, 

• high responsivity at 907nm, and 

• avalanche gain relatively insensitive to bias 

voltage. 
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However, this photodiode is not packaged in an optimum manner for 

coupling to .045in diameter fiber optic bundles and the maximum 

operating junction temperature of 70oC s-verely limits its useful- 

ness in military avionics applications which often require 1250C 

junction temperatures. In addition, the rise time is a factor of 

two slower than a p-i-n photodiode (SPX 1615) at 1/3 to 1/4 the 

bias voltage and the large temperature coefficient of breakdown 

voltage adds to the complexity of the voltage regulator needed to 

control the avalanche gain. Based on this evaluation, the C30817 

is recomnended for laboratory use and in special applications in 

the corrmercial temperature range cf -40oC to +70oC. This avalanche 

photodiode is not recommended for general use in military fiber 

optic data transmission systems. 

7.   Galileo Link Performance 

Galileo Electro Optics markets a single channel fiber optic 

digital data transmission link. This system consists of a trans- 

mitter module, a laminated fiber optic bundle and a receiver 

module shown in Figure 53. 

The transmitter module, designated model 3555971F, is con- 

tained in a stainless steel housing designed for bulkhead or panel 

mounting. Power and input signal are supplied through the wire 

leads extending from the unit. The heart of the transmitter is 

a hybrid LED/driver mounted in a flat window TO-5 header. This 

hybrid circuit is similar to the MLT327 made by Meret Inc. of 

Santa Monica, California. The LED driver is an integrated circuit 

wafer with 6 gates in parallel. The combined gate o-itputs drive a 

20mil x 20mil flat geometry LED chip in series with an RC speed-up 

network. The RC network consists of a deposited resistor and a 

chip capacitor in parallel. The LED chip is mounted near the cen- 

ter of the package but no lens or focusing element is used in the 

transmitter. 
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The transmitter has three leads 

Black = ground 

Red     = +5.5V 

Blue   = pulse input 
(153) 

The instruction sheet received with the unit requires that an 

external 50Q resistor be connected between ground and the pulse 

input.    The current drain on the 5.5V supply is 20mA ii the rest 

condition when no pulses are applied to the pulse input.    Th»; driver 

is rated for 50% maximum duty cycle.    Due to the speed-up capacitor 

in series with the LED, the total current required with input pulses 

applied increases with pulse repetition rate.    For 50% duty cycle 

above 5 MHz the operating voltage should be reduced to avoid exces- 

sive heating due to the speed-up capacitor.    No attempt was made to 

measure the LED output power.    However, the MLT327 has a specified 

peik power of 4mW. 

The measured 10-90% rise time and fall  time of the light 

from 3555971F transmitter is 

56ns 

tf = 4rns 

(154) 

(155) 

The receiver module, designated model 3555971R, is also 

contained in a stainless steel housing designed for bulkhead or 

panel mounting. Power and output signal connections are provided 

through three wire leads extending from the unit 

Black = ground 

Red  = +15V 

Yellow = signal out 

(156) 
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S/N comparison presented in Figure 46 predicts that the S/N of the 

avalanche module should be 6.9 times higher than the SPX 1615 at 

155 

--...■>-— 

{ 

Rv = 7.2 x 103V/W (160) 

4 

There is some doubt as to the effective noise bandwidth of the 

receiver.    However, if Eq(29) is assumed to be correct for this 

receiver the noise bandwidth is 

Ata = 2.48r a e 

= (2.48)(8MHz) 

19.8MH2. 

(1C1) 

Combining Eqs (159), (160) and (161)qives the effective NEP of the 

Galileo receiver module when driven by the Galileo lens terminated 

fiber optic bundle 

en 
NEP = 

Rv(Afa) i 

160MV 

(7.2 x 103V/W)(19.8MHz)' 
(162) 

I 

NED = 5.o x lO'^WHz-* 

A 50ft fiber optic cable was purchased as part cf the data 

transmission system.    This cable is made from a conventional 45mil 

diameter Galileo fiber optic bundle with black PVC jacket.    The 

ends of the cable are terminated using precision ferrules and a 

T0-46 size fiber optic lens very similar to the SPX 1525 termina- 

tion shown in Figure 40.    Stainless steel connector bodies are 

provided on each end of the fiber optic cable.    These connectors 

are threaded to form a locking interface with the transmitter and 
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receiver modules. An o-ring is located just behind the fiber optic 

lens to insure a good mechanical fit at the plugable optical inter- 

feres with the transmitter and receiver. 

The data transmission system composed of the transmitter 

module, fiber optic cable and receiver module produces the output 

signal waveform shown in Figure 54. The top trace shows the output 

waveform on a time base of 1.Oys/division; the lower trace is an 

expanded view of the intensified portion of the upper trace. The 

time base for the lower trace is 50ns/division. The 10-90% rise 

time for the composite system is 70ns and the peak-to-peak output 

is llmV. The 70ns rise time indicates a maximum square wave fre- 

quency of about 5MHz. Since the uncompensated preamp in the re- 

ceiver has an output drift of about 5mV/0C the receiver is not 

suitable for use in direct coupled systems; a temperature change 

of 2.20C causes an output drift equal to the peak-to-peak signal. 

If the output of the receiver is ac coupled to the next stage, 

the drift does not cause a problem. However, the ac coupled 

system must use Manchester coded signals and the data rate is 

limited to 5Mbit/s. 

The voltage responsivity of Eq (160) and the llmV output sig- 

nal gives a total power out of the fiber optic lens of 

p =  YM = i 53uW 
2   7.2 x 103V/W  ''^ (163) 

Assuming that the LED output power is 

Pj = 4mW (164) 

As specified by Meret Inc. for the MLT327 the total attenuation in 

this system is 

aT = lliP = 3-8 x 10"', (-34.2dB) (165) 
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The additional allowable attenuation is 7.8dB which coresponds to 

43ft of additional fiber optic bundle (at 0.18dB/ft) or a total cable 

length of 93ft. 

Based on this investigation, the Galileo data transmission 

link is recommended for laboratory demonstrations using Manchester 

coded signals with an ac coupled receiver and data rates up to 

5Mbit/s. The Galileo transmitter and receiver modules will probably 

not find wide use in military avionics systems or commercial equip- 

ment. 

F.    GALILEO FIBER OPTIC BUNDLES 

Extensive measurements have been made on Galileo K2K fiber 

optic bundles. This characterization of the fiber bundles provides 

information needed to properly design and predict the performance of 

passive directional couplers and multiterminal data buses. It also 

provides information for improving the design of LED/fiber optic 

interfaces.  The 45mil diameter Galileo fiber optic bundle was 

selected for evaluation because it is inexpensive and readily avail- 

able. Also, the bundle diameter and NA are suitable for coupling to 

non-coherent LEDs and photodiodes. While only one fiber bundle type 

has been investigated, the various characteristics and phenomena that 

have been studied are present to some degree in all glass fibev optic 

bundles. The measurement techniques developed are applicable to all 

types of fiber optic bundles. 

The Galileo 45mil diameter fiber optic bundles contain 285 

clad glass fibers with a nominal fiber diameter of 2.5mil.  The core/ 

fiber diameter racio is about 19/21. The core is a high-index lead 

glass with an index of refraction of 1.625 while the cladding is a 

barosilicate glass with index of refraction of 1.48. The limiting 

NA of these fibers is 0.66. At Spectronics, Inc. the ends of the 

fiber bundles are terminated using the SPX 1523 precision ferrule 

which has a reamed ID of 46.5mil. The end transmission of a typical 

172 

- 'i;- a^' -■-^  ttüMthi nmrr ■ • 



rV—"l1—^I.I  .  ■»< . ^•^m  rm- -•'■^■-• imm'-'~ mHmmmmw^f' 

termination is about 61%; this includes both front surface reflec- 

tion losses and packing fraction losses. 

In the first fiber optic b"ncile evaluation, SPX 1527-59 

was coupled to various lengths of Galileo fiber optic bundle with 

the LED/fiber optic interface shown in Figure 55. This interface 

was developed for the Ten-Channel Data Bus Demonstrator3 and is also 

used in the SPX 1629 LED adapter shown i.i Appendix IV. The fiber 

optic bundle lengths are 1ft, 4ft, 10ft, 35rt, 100ft, and 150ft. The 

four shorter cables are from the same batch of fiber optic bundles; 

the 150ft cable is from a different batch and has slightly lower 

attenuation than the other four. 

Figure 30 shows the far field radiation pattern of SPX 1527-59. 

This plot and all other radiation patterns shown in this report were 

run using the Spectronics, Inc. Model 170 Radiation Pattern Plotter. 

The radiation pattern is a plot of radiant intensity vs. angle from 

the axis. Figure 56 shows the launch cone (radiation pattern) of the 

light ciupled to the fiber optic bundle. The cross section drawing 

in Figure 56 indicates the way the mea-urement was made; the test 

set up for Figures 30 and 56 is shown in Figure 29. The test set 

up used for measuring the far field radiation pattern at the exit 

end of a fiber optic bundle is shown in Figure 57. Figures 58 through 

63 show the far field radiation pattern at the exit end of the fiber 

optic bundles of the specified lengths. The two curves plotted in 

each figure were taken in two orthogonal planes to provide a measure 

of the uniformity of the radiation pattern. 

The void in the center of the launch cone is clearly displayed 

in Figure 56. Figures 58-63 show the effect of scattering and mode 

coupling in the glass fibers; the longer the cable the more the centor 

of the pattern is filled in and the less the exit end radiation pattern 

resembles the launch cone at the input end. The 100ft and 150ft radia- 

tion patterns approach the equilibrium exit end radiant intensity 
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distribution. Note that the half angle of the launch cone (Figure 56) 

is <U0 and that the half angle of the exit end radiation pattern is 

<140 (NA=0.24) for all cable lengths shown. Figure 64 shows a com- 

posite radiation pattern for the 4ft, 10ft, 35ft and 100ft cables. 

These curves were all run at the same gain setting to display both 

the attenuation and scattering loss. 

Another set of PXU end far field radiation patterns was run 

for the various cable lengths without the lens on either termination 

using a very narrow launch cone H0 half angle) centered at various 

launch angles in 5° increments. This test set up used two Model 170 

Radiation Pattern Plotters. This family of curves is presented in 

Figures 65-70. Due to the low signal level with the 100ft and 150ft 

cables the curves in Figures 69 and 70 were traced twice to average 

out the noise. For the short cables, the peaks in the exit pattern 

occur at the launch angle; whereas, in the long cables the major 

effect of the launch angle is to change the attenuation. Notice 

that eve:, though the light is launched into the fiber optic bundle 

in a narrow pencil beam it exits in a uniform cone. 

Figure 71 shows the test set up used to measure the launch angle 

characteristics presented in Figures 72-77. These plots are similar to 

the two preceding sets except that in this case, a large area silicon 

solar cell is used as a detector on the exit end of the cable. These 

curves show the dependence of NA on fiber bundle length and are useful 

for determining the effectiveness of various LED radiation patterns for 

coupling to fiber optic bundles. The 4ft cable in Figure 73 shows 

18% coupling at 41° (NA=.66); the rapidly decaying tails in this 

figure that extend beyond 41° are probably due to scattering from 

imperfections in the polished surface at the entrance end of the 

fiber optic bundle. Again, the launch angle characteristic of the 

long fibers is very similar to the exit end far field radiation 

patterns shown in Figure 63 and 70. 

■ 

183 

■Mi  Ji 



- ■ - - ^fM^m^i y^muMm.: L   ^I.W.HPAI,J.I1U.^ 

' ■  Jw^w^ l> ■ 

I 

(out MII»I aii - 
nail MIIIIOH on ,.    •-..J 

a» cxD 10 IT) 

^isua^uj ^UBippy aAi^Pl9« 

184 

o 
o 

o 

o 

« 

C 
O </> 
•i- 0) 
■•-> r- 
ro -a 
•i- c 
T3 3 

ITS CQ 

(J 
"O •■- 
I— •(-» 
0) Q. 

•r- O 
li. 

i. 
S- 0) 

0 
o 

0 
O 

O 
0) 

+J   •■- 

K      (0 
UJ     C3 

■•-> 

to 

o 
o 

a» 

i— o 

ffiWiritiiiiiillTmiiifr- mn tMim 

I 



«umwvBii   mi    i WM".»« in v»  .ji»  ■ ■ «in  x^in^iM m • ^mn r mv mmmiy tgimi^mtmmmb'""'"'"' »"mi." i»«"*!"-- •" "■' 

c 
o 

oa 
inui 
(U—I 

s- o 
(X> 

c 
o 

•r- si 
ai 

3 

(0, 

3  • 
cn 

± I I ± 
o> oo p<> <0 to «r co 

o 
VO 

0 
o 
Lf> 

o <u 
O 
^t C31 

u u c ro 3 
10 0) 
_l 

^ 
(/> c 

O > 3 
CM CO 

10 E o 
•p- 0) 
X +J +J 

O < +-> o. 
r— IS o E a. 

O t, C c 0) 

O 
o n 

•r" •^ 
O cu +J Ll_ 

i <o 
Dl •p- o 
<: T3 

«3 
a» 

OC o i 
r- 

■a <n 
05 

0) 
o 

•p- 4-> 

o Li- «4- 

CVJ k 
(0 I- u. £ 
•o 

o c 
LU 

CO 

LlJ 
CJ 
<3- 

• 

o 
O e 
Lf) 3 

O) 

o 
^o 

■—        o 

185 

^-^ --  --,- ■   ■ - - 



o 
O 
VO 

o 
O 
in 

o 
O 

o 
O 
CO 

o 
o 
CM 

0) 
I— 

5 
o 
c 

<D 

<u 
■o c 

0 l/l 
O -r- 
p— X It! Q. 

<c Q. O 

E C i. 
Q O 0) 

o c •r- ^> 
Ll_ 4-> • f— 

19 li- 

<u •^ 
■o o 

0 CT to 0) 
o c Q£ r™ 

< •^ 
T3 ^— 

1 ^— <8 
01 C3 

CD •^ 
u. •U 

o <♦- 
CSJ Li 

(0 
^f 

U- k 
O 

•a <♦- 
0 c 
o LU 

P0 
•P 

0 s 
o 
^t 

s 
0 
O 5" 
in c 

en 

0 
o 
VO 

/C^isua^ui ^upipey aAi^Piau 

186 

.    .    ..^ __■...- 



W '"   '■'w -^ ^■^mmi^rmv WmKmmwn zSL ^^i*ii^ 

C c 
o o 

•f— •r- 
•p ■»J 

o 3 3 

o O ■M 
U 
0) 

+-> 
U1Q 10 
OJLU 0) 

OC-J Q£ 

J-H- L o 
« O (0 i*- 

3 3 o 
o> CT) 
c C 
< < 

I I 
<u •— 
a> 
5 
Jt 
o 
c 
3 
ITJ 
-i 

o 
O o 

o 
O 

o 
g 

o 

5 

o 
O 

0» ^— 
o> 
5 
JD 
u 
c 
3 
<o Q> 
_l r— 

^ 
■ C 

«/I 3 > 00 

c o 
J- •rm 

0» •«-> 
•<J Q. 
4-> O 
(O 

O- fc. 
0) 

c .a 
o 3^" 

10 o 
•i- a» 
"O r- 

OC t- 

•i- <♦- u. o 
t. "" 

U- o 

to 

i 

w CO IO ro 

^isua^ui ^upipey aAn^iay 

187 

. J.:........1.i.^-'I^H,.i:. ,-J..^O..      .i^-.^». -JW^,-..»  V    ilfy JlUfclj^i.«.^   -.-»■u..    -    ...    ..;.!.  ..^. .,   IJ^J 



■-■v,.. — * 'Ci. 

1 1               1 1 

c c — o o 
•r- ■r- 

••J ■i-'s. 
3 ^o 

ot5 O Q 

r 
Re

s 
o
f 

LE
 

« «3^ 

3° !• 3 
o> Dl 

5 5 
_ I I 

o 
o 
ID 

o 
O 

E 
O 

c 

I 

c 

3 

V) 

01 
C     i— 

0)     c 
4^ 
■0 

CO 

o 

oc   u- 
■o    o 
r-       0) 

IÖ 

■»-> 

X 

00 

3 

<o 

in 
CO 

t- 
o 

/C^isua^ui 4UBippy aA^eiay 

188 

b.. 



...   PIUUJ,,.! ^.«^»^npfc,.^ » 

i  I 

o § 

tnai / i-nHU 

o 
VO 

o 
o 
in 

Oi (— 
o Ol 
^i- 1 
o o 
O 
CO 

c 
3 a> 
«J 

—1 ■o c 
10 3 

0 > 00 
o 
CM E (J 

0) ■fj 

•r- 
X 

■M Q. 

o 
O id a. 

O 

i~ 
0) 

O 
I. 

c JD 
o 

li. 
0 
O 

■t-> 
«0 

■pi s 
•o 

0 
O 

1 a: i 
'~ 0) +J . «•- 

u. o 
o 

o 
CVJ 

k 
ITS u. 

o 
-J «4- 
c 

0 UJ 

o 4-> 

K 
UJ 

0 
O 
^t 

0 
C. 
in 1 
o 
lO 

<T> CO in 

^ISUB^UI ^ueippy OAi^eiay 

189 

h^x _     _ _     UUiteiMita ■ .,  ....^..^^■^^«.a^ 
- "•-  ---^ ■■■^   Üi ■  '■■ — ■ — 



•   ■ i .jw—■^■■^p« 

-^sr" 

0 
o 
o 

0 
o 
in 1» 

5 
0 
O f 
^t o 

c 
3 

0 _J a» 
O r— 
CO •/• "O 

> c 
3 

4-1 co 
o 

0 r* u 
O o. •^ 
CVJ ■•-> 

E a 
Of 

0 (/) •u t~ 
o ■♦J 0} 

X IB JZ 
< a. •f— 

u. 
E c 
o o o 

0 c •f- 0» 
o LL. •»-> r^ 

■o •r" 
<u •^ ^— 

■o •d 
C1 «o C3 

0 c ac 
O < ,4-» 

■o t- 
1 O 

0) in 
03 •f— r— 

0 u. 
O J- 
CVJ L o 

■a H- 
u. 

0 T3 
O C 
CO 

4-) 

x 
0 Ul 
o 
«* 

o 
1»« 

0 
O 9> 
in C 

3 
cn 

0 u. 
O 
liJ 

^Lsua^ui ;uB^pe>| aAL^BLa>j 

190 

-j  --   M 



I 

Ü 

0) 

en 
5 A 

fM 

X 
a. 
to > 

© 

EX
A

C
T 

5
0
2

 

to 
- 

U 4-> 
C lO 
3 <U 
«O »- 
_l 

<u 
«/»   I— 
5»   -a c 

I« 
M | a- 

■M 
U      W 
Of      <U 

i c 

3 ' 

191 

. „      "—--■' ■ - kJil_MÄ_—--^-^ 
—     ■' 



^^wapi i.     ■ i wiv* ■■   in v'•-"■-  -' -r-*" imp^m.i^wi  P.. i — 

1 

H 

I L 
OCT> cor*. ^om^-o CNJ 

• ••... ■ . 

192 

u 
« 0) 

o -o 
00 c 

ji co 

•r- O 

4-> 
0) Q. 

i— O 
O) 

< V m 
U Li- 
c 
3 O 
10 01 

Irt   I— 
>      10 

(3 b 

§ E S 
L 

•-    o 
o    >*- 

I 



"St*" 

■    ' ^E. 

■ 

acpa^an "0 JMOi BAi'jBiaa 

193 

8 
b 
to     Q> 

3 1 
f    CO 

at s a» 
5 2 
f •^ 
u u. 
c 
3 o 
lO 0) 

I/)   »■ 

h a. 
k   P o    H- 

M 

I 



-w- 
 - ■     ■ .■■■■        '" "^V-ftpw-4 

§ 

OQ 
1/)UJ 
(U—I 

cc: 

s- o 
«0 

r— 
3 

o 
O 
U3 

O 

o 
O 

o 
O 

o 
O 

o 

en 
c < 

a 
10 

o 

o 
o 

o 
c 
3 

o 
o 
CSJ 

o 

v 

c 
f CO 
■M 
•r- O 
3 1- 

01 Q. 
i— O cn 
c s. 
< 0) 

M 
SZ i- 
O U- 
c 
3 O 

f 5 
I £ 
o o 
Q. r— 

o p 
u ■ 

J L 

3 

U. 

o 
O 

o> CO VO in evi 

jo^oa^ao UQ jaMOj 3Ai^e[ay 

194 

S^TIIL^MH 



o 
O 

o 
O 
in 

o 
o 
»a- 

o 

o 
O 
CM 

o 
o 
■— 0) 

c < 
o 
O J= D c 

■ 
0 _l 
O 

o 
O at 

o 
O 

0 
O 

0) o 

10 

o 
to 

•o c 
-C        CO 

ä 
^J  <§■ 

5  •- ü 
u u. 
c 
3 O 
«0 0) 

l/l r— 

o m CM t. 

1 4-> 

a_ <♦> 
0 
O k t. 
CO o o 

•M «t- 
U 1 fi o a> 

^J- S 

3 

ao^oa^aa UQ -iaM0d aAi^eia}] 

195 



1>—•. 
j.«] iiinii.  ji ■ p   . it.m   i. Limmiiji #.aBP)iWff™»-»wi».i*»" 

I 
■i 

CD 

c < 

o 
c 

«2 

O     0) 
00     i— 

T3 

3 
O 

0) •»- 
i—     -»J 
cn   n. 
c   o 

s- 

r     -r- 
b   LL. ■ 
_i    o 

v 
U>      l— 

o   +J 
O.     «1- 

o 
t-   o 
O    i— 

u 

i 
te 

3 

o 

CT> oo VO C\J o 

uo^Da^BQ UQ uaMOd aA.UBtay 

196 

^uü^t^MMmämatuämmmiimMMumtiti^i üammm fei^ftuaaM 



r- 

tm 
10      0) 

'S     ^ 
U)      c 

3 
f     CO 

•i-       O 
3    •■- 

M 
0)      O. 

r—     O 

C       S- 
<       0) 4 
-C        •!- 
U LI. 
C 
3 O 
10 01 

</) r— 

L 
(U 4-> 

O O 
D. IT) 

o 
o 
0) 

i 

2! i 

L. 
O 

JO;O9^90   LIQ   jMWIOd   9AnBl9ll 

197 

-''- ■    ■ -" -i-iiri'Tiif iti- -■" ''^'"'^"n^liiiniii'iiliriifirlrir-naii ill -iiiiiirittiiili-i —    —    •*" 



^rzür 

+J O) *♦- c 

1 ü 

t 
0» 

c i <i 
<u 

1 
00 t. 
o 5 •r- 

■M iZ i M 
k 
0) 
4l 0) 

1 
-J 

1 
«•- 
r1- 

5 
• 

CO 
rv. 

e 1 

(saajßaQ) - 3lßu\/ ^isua^uj ^IPH 

i  i 
198 

—        -   - --*■-      .-.           ■■    ... ■ i i       ■   n-     -   - -  "^-  - -  " 



.i L; ■•u.il»i   an -.^.w <»'<•< ■•■im«ni*Miiiui<uiiiiiiiii i  IM »"•^■«MfW 

Figure 78 is a plot of the half intensity angle vs. length 

for the three sets of curves presented in this section. The top 

curve is the transmission NA or launch angle plot. The middle 

curve is the exit end pattern plot for the SPX 1527/Lens interface 

shown in Figure 55. The bottom curve is the far field exit end 

pattern plot for a 1° half angle cone input on axis. All three 

curves tend to the same half intensity angle at L = 150ft. Inspec- 

tion of Figure 63, 70 and 77 shows that not only are the half intensity 

angles close to the same but the plots themselves are nearly the same 

at all angles. Thus, for L = 150ft the exit end radiation pattern is 

independent of the launch condition. Furthermore the launch angle or 

transmission characteristic has the same shape as the exit end radia- 

tion pattern. This means that the rays propagating down the fiber 

have become almost completely scrambled in 150ft and the angular 

distribution of radiant intensity has reached an equilibrium condition. 

Based on Figure 78 the scrambling length, Ls, of Galileo fiber optic 

bundles is about 150ft. 

For lengths less than Ls, the pulse distortion follows the 

geometrical model give by1 

.2 ^n. 
At = (166) 

where L  is the length (L < Ls). 

NA is the numerical aperture of a uniformly filled launch 

*    cone (0 < NA < 0.24), 

c  is the velocity of light in vacuum, 

n  is the index of refraction of the core glass (n2= 1.625), 
2 

and 
At is the length of the ramp at the exit end of the fiber 

for a step function input. 
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For a scattering length of 150ft, and NA = .24 the pulse distortion 

is 

At = 2.66ns (167) 

For fiber optic bundles longer than Ls the complete scrambling of 

trajectories (delay times) causes the pulse distortion to increase 

as L*  as shown in Eq (168) 

©t^ •x  =1^)1 --IWt, i (168) 

At present the attenuation in the Galileo fiber optic bundles is so 

great (0.6dB/m) that lengths greater than Ls have little practical 

value. Therefore, over the useful range, the pulse distortion in 

the Galileo fiber optic bundles will follow Eq (165). 

The ideal radiation pattern for an LED in a data bus is the 

exit end radiation pattern of a fiber bundle of length Ls. An LED 

with this ideal radiation pattern insures that the angular distri- 

bution of the optical energy, NA , is the same at all parts of the 

bus.  Based on the half intensity angle, the SPX 1527/lens interface 

shown in Figure 78 comes close to meeting this condition for the 

Galileo fiber bundles. Unfortunately the SPX 1527/lens interface has 

a large void in the center of the launch cone as shown in Figure 56. 

From Eq (134) the preferred length for scrambler rod is dependent on 

NAA. Thus, when the LEDs on a data bus all have the ideal radiation 

pattern, the scrambler rods will have the same effect on light from 

a short fiber and light from a long fiber. When NA is constant the 

fiber optic attenuation is a constant. In point-to-point fiber 

optic data transmission systems where scrambler rods are not used, 

the attenuation can be reduced by using a highly collimated LED 

with a smaller half intensity angle than the ideal radiation pattern. 
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The bottom curve in Figure 78 shows that when a 1° half angle 

cone is coupled into a 4ft fiber optic bundle, the light at the exit 

end has a half angle of 5°. This measurement has been repeated with 

a fiber optic bundle 1ft long with the same result. Direct micro- 

scopic examination of the polished terminations or. these bundles 

has shown that this effect is due to a significant region of graded 

index of refraction in the core near the core/cladding interface. 

This graded-index region may be observed by viewing one end of a 

fiber bundle with a 1.ow power microscope while the other end is 

illuminated with white light at an angle of about 45° to the axis 

of the termination. Under these conditions, the light from the 

central region of the core of each fiber will lie outside the NA 

of the microscope objective lens; thus, the center of the fibers 

will be dark. However, the index gradient near the core/cladding 

interface will refract the light into the microscope objective 

and the outer edge of the core will light up as shown in Figure 79. 

Comparing the width of this lighted region to the cladding thickness 

shows the graded region to be 4-5ym thick. The presence o^" this 

graded layer may explain the lower loss for rays near the optical 

axis of the fibers and the shape of the equilibrium angular distri- 

bution of light in long fibers. For small angle rays, this graded 

index interface gives a gradual ray bending effect like that in a 

self-focusing fiber. However, since the graded region does not 

extend all the way across the fiber, the time dispersion character- 

istics will be largely the same as for a clad fiber without grading. 

The 5° angle spread observed for this phenomenon suggests that the 

change in core index in the graded region is about 0.2% or from 

I.625 to 1.62175. 

The graded index region discussed here lies entirely inside 

the core/cladding interface as observed under front surface illumina- 

tion as described above. Under certain lighting conditions, the 

lighted ring can be very bright with sharp contrast to the dark 
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I 
Corning low-loss fiber optic bundles have attenuation factors 

less than 0.03dB/m at 907nm.    However, these bundles have small 

diameter (25mil) and low NA (0.14) and are therefore difficult to 

couple to LEDs. 

The new plastic clad-fused silica core fibers offer the most 

promise for use in optoelectronic data transmission in avionic systems, 

These fibers have attenuation of 0.1 dB/m or less at 907nm and NA 

between 0.3 and 0.4.    The maximum operating temperature is greater 

than 1250C and the fibers are more radiation hard than Corning low 

loss.    As these new fibers become more readily available, they should 

be evaluated using the techniques described in this section. 
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SECTION V 

CONCLUSIONS 

Optoelectronic data transmission is based on the USP of light 

emitting diodes (LEDs), multimode flexible fiber optic bundles and 

silicun photodiodes. This optoelectronic technology offers an in- 

formation transmission capability that is consistent with military 

requirments and potentially superior to wire techniques. The opto- 

electronic interface is suitable for use in both high data rate 

digital data buses and wide band analog channels. Thus, this emerg- 

ing technology offers a viable means of responding to the increasing 

bandwidth requirements of new avionics systems. The purpose of this 

continuing study has been to evaluate and characterize non-coherent 

optical components, devices and techniques in order to discover and 

define the factors that limit the performance of optoelectronic data 

transmission systems. Particular emphasis has been given to those 

phenomena and effects which impose design and performance constraints 

that are different from the familiar constraints found in wire systems, 

Presently available optoelectronic components are capable of 

data rates in excess of 100Mbit/s with a bit error rate of 10"8. LED 

development can result in a 10 times improvement in basic LFD speed 

and a 6 to 10 times improvement in LED efficiency. These improvements 

are needed more to simplify LED drive circuits than to achieve higher 

data rates. With the speed of present GaAs LEDs the driver circuits 

become very complex and inefficient. Higher efficiency LEDs could 

result in transmission over greater distances. However, it is more 

likely that the higher efficiency will be used to reduce drive current 

requirements and thereby further simplify the LED driver circuit and 

increase the life of the LED. 
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A. TASK SUMMARY 

The conclusions of the various analyses performed on this 

study ?re summarized briefly below. 

Optoelectronic Signaling and Detection - The characteristics 

of optoelectronic signaling and detection are discussed in detail. 

The constraints imposed by the unipolar nature of optical signals 

are discussed in conjunction with the problems of clock recovery 

and synchronization in a data bus. A thorough analysis of the 

photodiode/preamp interface is presented. The Spectronics, Inc. 

suboptimum detection scheme is described and compared to a matched 

filter detector for the existing non "white" noise case. The two 

detection schemes are essentially equivalent. A circuit technique 

to increase the signal bandwidth of an LED by up to 10 times is 

presented. This increase in bandwidth is achieved at the expense 

of power efficiency and complexity of the driver circuit. 

Data Bus Structure - The analysis of data bus structures is 

expanded to include the radial data bus.  Comparison of in-line 

and radial data bus systems shows a clear performance advantage for 

the radial structure. Circular and square scrambler rods are dis- 

cussed and an approximate technique for designing scrambler rods is 

presented. 

Optoelectrum'c Components - Several discrete component and 

hybrid preamps are characterized and compared to theory. A tech- 

nique is presented for achieving approximate drift cancellation 

without increasing noise. A number of test adapters are described 
and ciiiracterized. These test adapters are then used to eveluate 

LEDs and photodiodes. An LED driver circuit is presented which 

uses the speed-up technique developed on this program. The circuit 

functioned properly but the expected performance could not be 

achieved because of inductance in the transistor package in series 

with the emitter lead. A search for adequately packaged transistors 

in continuing. Spectronics, Inc. edge emitter LEDs are compared to 

two kinds of dome LEDs made by Texas Instruments. The three types 
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of GdAs LEDb have comparable bandwidth series inductance, and series 

resistance. The SPX 1527 edge emitter consistently couples both a 

larger power and a larger fraction of fts total power to a 45mil 

diameter fiber optic bundle. Part of this result, .s due to the 

lower internal efficiency of the domes tested. It the dome efficiency 

is normalized, the edge emitter TS .- betttr than one dome and 12% 

worse than the other. The edge emitter structure offers better tol- 

erance control and is more amenable to volume manufacture than the 

dome. An SPX 1527 LED achieved a 1.1ns rise time with a speeJ-up 

network; the high-frequency modulation transfer of b^th dome and edge- 

emitter LEDs falls off as H, it is shown that large optical modula- 

tion depths can be obtained at frequencies above the LED cut-off 

frequency by using current overdrive. A total of •■; photodiodes, 
two avalanche photodiodes, an avalanche photodetector module and a 

hybrid data transmission system are characterised and compared. 

The SPX 1615 p-i-n photodiode gives the best, overall performance in 

most data transmission applications. The two different types of 

avalanche photodiodes each offer superior performance in certain 

special cases. The performance advantages of avalanche photodiodes 

tend to be offset by the increased cost and circuit complexity asso- 

ciated with their use. A detailed characterization of the trjns- 

missiun properties of Galileo fiber optic bundle is presented. The 

ideal radiation pattern for a data bus LED to bo used with Galileo 

fiber optic bundles is defined as the exit end far field radiation 

pattern of a fiber optic bundle longer than the scrambling length. 

The new plastic clad-fused silica core fiber optic bundles meet all 

of the requirements of optoelectronic data transmission systems. 

This fiber has 0.3<NA<0.4 which offers ease of coupling to LEDs, 

tbp attenuation is less than IGOdB/km, a maximum operating tempera- 

ture above 1250Ct and the best radiation tolerance of any fiber 

reported. 
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Radiation Effects - Appendix V is devoted entirely to a study 

of radiation effects. It begins with general background information 

and terminology of the interaction of radiation with matter. It also 

covers radiation damage effects in the specific materials of opto- 

electronic data transmission systems. The presentation then turns 

to radiation effects on the specific components of the optical 

system and concludes with a summary of radiation damage threshold 

values and failure modes for optical system peripheral circuitry S'jch 

as digital and linear integrated circuits. 

A radiation analysis of a typical 30m optoelectronic data trans- 

mission channel with a data rate of lOMbit/s is presented. This analy- 

sis shows that the transient absorption of the fiber optic bundle fol- 

lowing a pulse of ionizing radiation causes the most severe degradation 

of system performance. The plastic clad-fused silica core fibers show 

the best radiation tolerance of any fiber reported - better even than 

the all plastic fibers. Also, the fused silica core fibers show their 

highest radiation tolerance at longer wavelengths (900nm) ano are 

therefore ideal for use with existing GaAs LEDs and silicon photodiodes. 

B.    RECOMMENDATIONS 

The technologies of diffused junction GaAs LEDs and silicon 

planar p-i-n photodiodes are well advanced and presently capable of 

Supporting an optoelectronic data transmission system activity. 

Comparing the two technologies, silicon is much further advanced and 

no basic technology development is required. Silicon photodiode com- 

ponent development will be required to insure optimum performance in 

the variety of system environments thct will be encountered. Component 

development and manufacturing activity is needed in GaAs to optimize 

LED performance and insure compliance with environmental and reliability 

requirements of military applications. Continued research in GaAlAs 

and InGaAs LEDs is needed to achieve an anticipated improvement of 10 

times in both speed and power output compared to present GaAs LEDs. 
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Development activity on fiber optic bundles should emphasize 

the plastic clad-fused silica core technology.    Additional radiation 

damage measurements are needed.    Transient absorption measurements 

should be extended to pulse doses of 107 rad and recovery times of 

5 seconds.    Fiber optic research should continue to search for new 

approaches to multimode fiber optic bundles that will give better 

performance than the plastic clad-fused silica core technology. 

The greatest need of optoelectronic data transmission at this 

time is the identification and definition of systems that can profit- 

ably use this emerging technology. 
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A. TNTRODUCTION 

In defining the maximum data rate limitations for a wide-band 

data transmission system, it is imperative that accurate high-frequency 

modeling of the components comprising the system be performed. For 

optoelectronic data transmission systems, the components which must 

be considered are the LED, fiber bundle and photodiode detector. This 

investigation is concerned with the high-frequency performance of the 

SPX 1615 PIN photodiode detector portion of the system. 

Electron and hole drift velocities do not reach the saturation 

limit in the SPX 1615 under conventional operating voltage of 90 volts 

(Mayer reacn-tnrough condition). Instead ^90% of the electric-* ield 

region in the depletion layer is of strength characteristic of field 

dependent (nrn saturated) mobility and ^10% is characteristic of a 

constant, low-field mobility. Also, the electron and hole mobility 

values are not equal to one another at any given position in the deple- 

tion layer. An accurate representation of carrier mobility character- 

istics must be included for a meaningful model for the frequency response 

of the SPX 1615. 

This investigation utilizes realistic values for hole and elec- 

tron mobilities in the depletion 1 yer and a theoretical expression 

for the impulse response of the SPX 1615 to incident 907nm photons is 

thereby dervied. A Fourier transformation of the impulse response 

equation is then performed to obtain the frequency response of the 

SPX 1615. Also the rise time of the photo-generated pulse is obtained 

from the impulse response. 

B. DERIVATION OF THE  IMPULSE RESPONSE 

The electric field E in the depletion layer of a p-n junction 

diode is given as a function of position x by 

E= 2 V(M - x) 
Wz (169) 
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where   V   =   applied voltage 

W   =   depletion layer width 

The intrinsic layer (I layer) in the SPX 1615 is not, in fact, intrin- 

sic but rather is lightly doped n-type (p   ■ 400fl-cm).    However, it 

is customary to refer to this lightly doped n-type layer as the 

I layer.    For the SPX 1615 the I-layer width is 10-2 cm (4mil).    At 

a bias of 90V the depletion layer width, W, reaches through the I 

layer width and the E field in the depletion layer is shown in 

Figure 80.    Photo-generated electron-hole pairs in the depletion 

layer experience a drift velocity v given by 

v = wE (170) 

where y is xhe carrier mobility at.d is field dependent for E greater 

than MO3 V/cm.    The electron mobility can be modeled as15 

P+ 

\ = 
E + Ec 

+ +     + + 
+ + ' + + 
-1- + w+ + 

(171) 

-Ov 

( 

Figure 80.    Electric Field Representation in the PIN Diode 

at Reach-Through Bias Condition 
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where y0 ■ 1400cm2/Vs 

E = 1.0 lU-V/cm 
c 

The hole mobility y will be assumed to have the same field dependence 

as that for electrons and represented as 

-a- 2.8 (172) 

Electron drift velocity in the depletion layer can then be 

obtained from Eqs (110) and 071) as 

v = C + E, 
(173) 

Then utilizing Eq (169), 

v = 
dx 
dt 

Vr. 
2V 

which yields 

dx 

Sf (W - x) + Ec 

[] + 2V(W -Cx)J 

ür(W - x)| 

%Ecdt 

(174) 

The equation of motion for electrons photo-generated at x 

(Figure 80) can be obtained by integrating Eq (175) 

(175) 

/X( + 2vTirhy)dx= /Vcdt (176) 
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which becotues 

E^W2 

c      -i 
x -    2V    I "(V)- ^ o^ 

(177) 

When the SPX 1615 is operated in the reach through condition as shown 

in Figure 80, then V = 90V, W = 10"2 cm and Eq (177) becomes 

x - ^0-ln (1 - lOOx) = 1.4-107t (178) 

Equation (178) is the equation of motion for electrons generated at 

x = 0 as they traverse the depletion layer. 

For electrons originating at any point x = aj in the I layer, 

Eq (175) can be integrated as 

/ ( + 2vTw^y) dx" f Vcdt (179) 

which becomes 

(x - a,) -^1 '- tej 1.4-I07t 

Similarly for holes 

(x - ai) 1    ,    [jOfixl H 1.4-107t 
' 180 ln MO^-aiJ '       2.8 

(180) 

(181) 

Eqs (178),  (180), (181) yield position (x) as a function of time, and 

velocity (TT-) as a function of position for carriers drifting in the 

E field of the depletion region. 
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The time-dependent impulse response for electron current, I, 
dx can then be derived from a knowledge of -£ since 

i = 09. /dx\ 
n  W ^dtj (182) 

ii 

where q = charge on the electron 

n = number of released electrons/cm2 (a function of the number 

of quanta absorbed per unit path length in the x direction). 

Similarly, the time-dependent impulse response for hole current, I , 

can be obtained from 

1 = 29. /dA 
P I \dt; (183) 

where p number of released holes/cm2 (a function of the number of 

quanta absorbed per unit path length in the x direction). 

The total current, I*, is given by 

t   n   p (184) 

The impulse photoresponse of the SPX 1615 can be obtained by coupling 

the above results to the following model. Consider photon absorption 

in the I layer of the SPX 1615 when the I layer is divided into 11 

segments as shown in Figure 81. The total current is obtained by 

sumning the electron and hole contributions originating in the 

eleven sigments of the I layer. To clarify the technique utilized 

in the calculation, consider the current impulse response resulting 
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Figure 81.    Photon absorption in the I layer of the SP< 1615 

from photoabsorption in the fourth segment of Figure 81.    Table XVI 

can be constructed using Eqs (180)-(183) and the photon absorption 

characteristic shown in Figure 81. 

The results of Table XVI are summarized in graphical form 

in Figure 82 where impulse current response for electron-hole pair 

generation in segment 4 of Figure 81 is plotted.    Similar calculations 

were performed for segments 1-11 and the results combined to yield 

the total electron and hole impulse current components.    These results 

are summarized and then combined to obtain the total impulse current 

response in Figure 83. 

From Figure 83 it is observed that the impulse resonse can be 

written in equation form as 

Mt) = ^+ a (185) 
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Table XVI. Impulse Response Contribution 

from Segment 4 of Figure 81 

x 
(mils) 

(source strength = 0.121* ) 
v=Ax  

0 

t       v At I 
(ns) (cm/s) 

= Jlly. 
normalized  107 

Electron current, I. 

1.2 0 .76xl07 

1.6 0.132 .70xl07 

2.0 0.276 .63xl07 

2.8 0.b21 .43x10' 
3.2 0.850 .31xl07 

3.6 1.140 .16xl07 

3.8 1.490 .09xl07 

Hole current, I 

1.2 0 .27xl07 

.8 0.370 .29xl07 

.4 0.710 .30xl07 

.1 1.040 .31xl07 

0 1.120 .32xl07 

.091 

.083 

.076 

.065 

.052 

.041 

.017 

.033 

.035 

.036 

.037 

038 

where  a = 1.035 normalized current units 

b = 1.7-10-9s 

In obtaining Eq (185), the exponential portion of the electron-cur-ent 

component has been neglected. Since this remnant of current represents 

less than 8% of the total impulse response current, this approximation 

is considered to be justified both in terms of required accuracy ind re- 

sulting simplicity of further analysis. 
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C. RISE TIME 

The pulse response of the SPX 1615 can be determined mathe- 

matically by integrating the impulse response given by Eq (185). 
Thus 

i(t) = J     Itdt = j   (^ + ^ dt     for t<b       (186) 

then 

i(t) = iat_3 

b 2 

b b 

+ at 

and, 

i(t) = at(l-^) 

From Er; (188) i(t) saturates at t = b and. 

i       = ab 
^at      2 

Then 

(187) 

for t<b       (183) 

(189) 

IM = 2t /, _  t 
^at      b   ' ' i*-*) (190) 

From Eq (190) the 10% - 90% rise time of the pulse response is deter- 
mined as 

tr = 1.0709**1 (191) 

The rise time "pulse shape" as derived fro.n the impulse response with 

the above considerations is summarized in graphical form in Figure 84. 
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D.    FREQUENCY RESPONSE 

Fourier transformation of the impulse response from the time 

domain tc the frequency domain yields the frequency resvonse for the 

system under consideration ' 
8.16 

'(*) = J  f (t)e"jwtdt (192) 

Thus for the SPX 1615 from Eq (185) 

I (a.) ((^.aje^dt (193) 

which yields whe.i integrated 

I(w) •   dt 0 " COS(i)b) * J h^5" ^sin(i,b ' ^ bu) 
(194) 

As a) -► 0, the low frequency value of 1(a)) ^s given by 

!(•»)-♦ 
ab 

(195) 

Then normalizing Eq (194) to the low-frequency value of y, the inte- 

gral Eq (193) becomes 

2 
ab 

J (^t + a)e-jujtdt = 7 [l - cosx] + j J* [sinx - x]      (196) 

where   x   =   2iTfb ■ ub 
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Eq (196) is in the form of. Re Uw) + jlm 1(a)) and the magnitude of 

the spectrum of l(ui)  can be obtained from 

I(^) JJReUüOJ2 + [im I(w)] (197) 

The phase spectrum can be determined from 

e(üj) = tan*1 [iSTTfe}] (198) 

Solutions to Eq (196) and Eq (197) were obtained with the aid of an 

HP65 desk calculator and are plotted in Fig-ire 85 as ll(f)| and e(f). 

The results of Figure 85 indicate that the SPX 1615 photodiode 

has a 3dB cut-off frequency of 

i J6 
:dB "    b 

(199) 

and since b = 1.7'10-9 (Figure 83), 

.56 
r3db " I^-IO-' 

= 330MHz (200) 

It is further noted that both the magnitude ^nd phase of the frequency 

response are well-behaved functions similar to those characteristics of 

a simple RC network. 

1^ 

E. CONCLUSIONS 

The results of Figures 8^ and 85 can be utilized to discuss the 

high-frequency performance of the SPX 1615 photodiode in an opto- 

electronic data transmission system.    From Eq (191) the 10 - 90% rise 
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time, t , of the device has been determined to be 

1.07ns (191) 

This gives an effective detector time constant, TJ of 

Td " 2.2 0.49ns (201) 

The obtained 3db cut-off frequency of 330MHz (Figure 85) implies an 

information detection capacity of ^300 to ^OOMbit/s for this diode 

depending on coding technique, synchronization and recovery require- 

ments. Operated at reach-through bias (V-90V) and a wavelength of 

907nm, the SPX1615 photodiode exhibits well behaved transient and 

frequency response characteristics. 
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APPENDIX II 

IN-LINE UNIFORM DUPLEX DATA BUS 

In an in-line data bus, the T couplers are connected with 

flexible fiber optic bundles as shown in Figure 86. As optical 

signal moves down the bus it must pass through the terminations at 

each end of the fiber optic bu.idles. Thus, the transmission of 

the terminations is an important parameter in determining system 

performance. Section III describes T couplers and defines 

various coupling, transmission and quality factors that describe 

coupler performance. In this analysis of an in-line data bus, 

the transmissions of the fiber optic terminations are included ex- 

plicitly as separate factors apart from the losses and quality 

factors associated with the T couplers. This approach was used 

so that the resulting expressions would be more generally appli- 

cable and not limited to a specific construction technique. It 

allows system performance to be predicted from the separate charac- 

teristics of the independent parts. 

For purposes of analysis, an in-line data bus of N stations 

uniformly distributed along a total length L will be considered. 

This configuration gives the correct result for a worst case condi- 

tion of transmission between opposite ends of the data Kus, and 

typical results for all intermediate path lengths. The average 

fiber optic attenuation between adjacent stations, a , is given by 

exp M (201) 

where L is the total length of the bus, and 

a   is the loss coefficient of the fiber optic bundle. 
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When optical power is coupled into a fiber optic burdle, it is 

attenuated by the transmission of the input termination Tc given 
by Eq (104). As the light cransits the fiber between stations it 
is attenuated by an given in Eq (202). As the ligh* leaves the 

exit end of the fiber optic bundle a portion is reflected at the 
core/air interface; the traction ot light transmitted is 
T = (1 - R ) given by Eq (106). Thus, the transmission of an 

average fiber optic bundle that interconnects two stations is 

aoTcTc = V1 - V2 GRa (203) 

The symbols a , Tc, and Tc are shown on Figure 86. 

The signal power relationships in the in-line duplex data 

bus when station 1 is transmitting are shown in Figure 86.    When 

an optical power, P^  , is emitted by the LED of station 1, the power 

on the LED port is m.P.  , where m,  is the LED quality factor defined 

by Eq (91).    The power coupled out at the detector port of station 2, 

Prt , is given by 
02 

fo2 - [r'c'iltoVc] ■¥ 
The coupling quality factor, mc is defined by Eq (89) 

(204) 

 (power at detector port)  /gq\ 
mC = "(power into scrambler area attributed to detector port) v ; 

the coupling factor, Cj, is defined by Eq (86) 

r   (scrambler area attributed to detector port) /o6\ 
CT =         (area of the scrambler) K    ' 
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and aoTcTc 1s the tota1 attenuat"'on of the fiber optic bundle between 
station 1 and station 2 given by Eq (203). Referring to Eq (204), 

the term mc enters once in the LED side arm of station 1 and again 

in the detector side arm of station 2. Front surface reflection 

losses at the scrambler input of station 2 are by definition included 

in mc. The factor of i  in Eq (204) describes the split of the LED 

power between the two directions of transmission on the data bus. 

is 
The power transmitted to the output port of station 2, P. , 

pt2
= [^[VCVT^-^T)] V (205) 

where mT is the transmission quality factor of the T coupler given 

by Eq (87) 

"J'T^K: (87) 

The signal at the detector port of station 3 is 

po3 ■ [VCCT1 [tfcW1-2^] V 
and the power transmitted to the output port of station 3 is 

(206) 

%,-MllvcW^MH 2 (207) 

For station N, the power at the detector port as a fraction of the 

input power is 

^E^Uv-cJ-2 
(208) 
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Equation (208) is the worst case power ratio, Rp-, given in Eq (115) 

in Section III.C. This worst case power ratio can be maximized by 

setting the derivative of RpT with respect to CT equal to zero, and 

solving for the optimum value of Cj. Inspection of Eq (208) shows 

that Rp-r is of the form 

VPT " ^TO-20!)'"2 (209) 

where K is a constant given by 

, .[Wft-Cjly^] N-2 

From Eq (209) 

(210) 

^=K1|jl-2CT)
N-2-(2CT)(N-2)(l-2CT)

N-3 

Setting Eq (211) equal to zero gives 

(1-2CT) - (2CT)(N-2) = 0 

which defines the optimum value of C, given in Eq (116) 

(211) 

(212) 

■ 

'opt = 2(N-1) (116) 

From Eq (116), C . is dependent only on the number of stations on 

the bus. Specifically, this means that the optimum value of CT is 

independent of all of the factors included in the constant K^, Eq (210). 

Equation (116) is a very general result with no limiting assumptions 

or approximations. 
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The use of the optimum coupling factor in an in-line data 

bus gives the maximum value of the worst case power ratio. This 

maximum value of Rp- is determined by substituting Eq (116) into 

Eq (115).    The results is shown in Eq (117) 

VPT max 
■ poVcVclpoVc^T^-2)! 

N-2 

(117) 

The worst case dynamic range encountered at the various de- 

tectors in the in-line data bus occurs when station (N-l) transmits 

to station N followed by a transmission from station 1 to station N. 

This worst case dynamic range, DRT, is equal to the ratio of the 

output power at station 2 to the output power at station N when 

station 1 is transmitting. 

;RT t 1 
VcW1-2^] 

N-2 

(213) 

The value of DRT when the coupling factor is C t is obtained by 

substituting Eq (116) into Eq (213). The result is presented in 

Eq (118) 

^RT opt boVc^ WJ 
N-2 

(118) 
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APPENDIX III 

IN-LINE TAPERED DUPLEX DATA BUS 

Because all of the passive couplers are identical in the uniform 

data bus shown in Figure 86, the end unit termination absorbs 93.3% 

of the signal power on the bus at that point. This waste of useful 

signal power can be eliminated by tailoring the coupling factors of 

the duplex couplers depending on the position of a particular station 

on the data bus. Figure 87 shows one half of an open line duplex data 

bus using graded coupling factors. Station 9 represents the midpoint 

of the data bus. The coupler at station 9 is a symmetrical duplex 

coupler like Figure 15. The couplers at station 1 (and 17 not shown), 

couple out all of the signal power remaining on the bus at that point; 

these end couplers are not duplex. The coupling factors in Figure 87 

were calculated using a recursion formula developed for Ref 1 which 

gives the optimum values of the two way coupling factors all along 

the data bus. For the tapered duplex data bus, the optimum set of 

coupling factors will result in equal optical signal power at each 

detector port on the data bus. 

Again, the stations will be assumed to be uniformly spaced along 

the data bus so that the fiber optic attenuation a can be represented 

by Eq (202) in Appendix II. The transmission of an average fiber optic 

bundle that interconnects two stations is given by Eq (203) in Appen- 

dix II. 

The signal power relationships in the in-line tapered duplex 

data bus are basically the same as for the uniform data bus shown in 

Figure 86. However, the subscript T has been dropped and numerical 

subscripts used to denote the station; the parameters m. ,mc, m^., T 

and T are assumed to have the same value for all couplers. Thus, 

T denotes station 1 and CN denotes station N. The tapered data bus 
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\ 
is always symmetrical about the center. For an odd number of stations, 

the passive coupler at the center station is symmetrical. For an even 

number of stations, the point of sytmetry falls between two stations, 

and none of the passive couplers are symmetrical. 

The open line data bus of Figure 87 can be converted to a loop 

system by combining stations 1 and 17, and making that combination the 

central master unit. This gives the reliability advantage gained by 

relaying through the central master unit if the data bus is broken. 

When an optical power P. is coupled into the bus at station 1, 

the power at the detector port of station 2, P02, is given by 

^•[vN[*oTcTcK (214) 

The coupling quality factor, mc is defined by Eq (89) and the coupling 

factors C1  through CN are defined by Eq (86) at each end of each coupler. 

The power transmitted to the output port of station 2, P^, 

is 

M[VcVr n-zc)]^, (215) 

where nu. is the transmission quality factor of the T coupler given 

by Eq (37). At station 3 the output powers are 

Pt3 = [mLmc] [(l-2C2)(l-2C3)][aomTTcTc]
2 P. i 

(216) 
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At station N the output powers are 

,N-2 P«II- <VcV<SVcV   ^-«.x1-«.! "^WS 

(217) 

PtN = 0 

Because of symmetry, station N is identical with station 1 and 

cN = 0.5 (218) 

The coupling factors may be optimized by setting P = P = **
,
'
>
0N 

and solving for the ratios of the coupling factors on adjacent sta- 

tions. Thus, from K   ■ P.. comes 
Oa    03 

[mLmCCa][VcTc]  '[VCCJM-Mkvr (219' 

which gives 

C. = 3 "    a^irwT T^    1-C2 
0 1 c c        z 

(220) 

In general, for any station k where k t 1 

CL ■ 
'k-1 

k     VfVc   ^^k-l 
(221) 

and at station N 

r   ■ fi ft ■         .. 
CN-1 (222) CN     0-5     a^T^ 
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from which 

2C N-l 
1-2C N-l 0 T C C 

(223) 

Solving for 2 C.., gives 

2C N-l 

a m.T T 
o i c c 

1  + amTr T 
0  T C  C 

Equation (221) states that 

2C 
2C N-2 

N-l      aomTrcTc      1.2C N-2 

Solving Eq (225) for 2CN_2 gives 

2WcTcCN-l 2C 
N-2      1 + 2aomTTcTcCN.1 

(224) 

(225) 

(226) 

Substituting the value of 2CN_.| from Eq (224) gives 

2C (WcV2 

o T c c o T c c 

For convenience in notation let 

(227) 

WJc = Ttp (228) 

Using Eq (228) and applying Eq (221) for each station in turn gives 

a general expression for the coupling factors 
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TABLE XVII 

Coupling Factorc For 

An N Station Tapered Data Bus 

Station C (left) 

0 

C (right) 

0.5 

0.5(Ttp)N-2(l-Ttp) 

1 ■ (V 
N-l 

0.5T 

1 + T 
tL 
tp 

N-2 

0.5(Ttp)N-3(l-Ttp) 

1  - (TtP^ 
,N-2 

0.5(Ttp)
2(l-Ttp) 

************************************************ 

0.5(Ttp)N-k(1-Ttp) 

,N+l-k 

0.5(TtD)k-\l-Ttp) 

1  -  (Ttp)— 1   -  (Tt/ 
**********************************^************* 

0-5tTtp)2(l-TtP
) 

0'5ntp)N"3(1-Ttp) 

1  -  (Ttp) 
N-2 

N-l 
0.5T 

IB 
1  + T 

tp 

0.5(Ttp)N-2(1-Ttp) 1 - v N-l 

0.5 
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2C 
N-j 

iltt] 
J 

1+Ttp + Ttp+"-+VJ 
(229) 

where j ?« N. In the context of this notation. C, = 0 because there 

is no transmicsion to the left of station 1. Another useful form 

of Eq (229) is 

2Ck = 
ÜtE* 

N-k 

1 +Ttp + Ttp+--(Ttp^ 
.N-k 

(230) 

where K ^ I; again Cj = 0. 

The recursion formula stated in Eqs (229; and (230) was developed 

for uniform response at all detectors when optical power is transmitted 

at station 1. This represents only one half the coupling factors en the 

data bus. However, the symmetry of the bus requires that the same ?et 

of coupling factor«; must apply for the other side of each of the couplers 

starting from station N back to station 1, and that uniform signals will 

result at all detectors when station N transmits. 

For an N station data bus, with station 1 on the left and sta- 

tion N on the rignt, the two coupling factors for each station are 

shown in Table XVII. The equation for the sum uf a finite geometric 

progression has been used to simplify tne form of the Cs. Throughout 

this analysis it is assumed that ^.he power from the LED is coupled onto 

the bus and distributed uniformly over all the fibers in the bundle 

by the scrambler. However, the LEO ports a»-e constructed exactly like 

the detector ports. Therefore, the power from each LED is split between 

the two directions of propagation as the ratio of the right and left 

coupling factors shown in Table XVI!. It can be shown that the worst 

case unbalance in the LED power split occurs for stations 2 and N-l; 

for these stations the power coupled to stations I and N respectively 
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Is about (1 + Tt ) times greater than the power coupled toward the 

center of the bus. 

In order to keep the detector response about the same for all 

LEDs, it is also necessary to reduce the LED "on" current progressively 

toward the center of the data bus. The greatest value of the current 

reduction factor, FCR, is at the center of the data bus and is 

approximately 

FCR = 2 

r ItKr   T&l 
N - odd 

N+nr -1N-2 

[+ Ttp -2 V2 JLr ' N- even 

(231) 

The highest LED "on" current occurs in stations 1 and N; therefore, 

the detector resonse to transmissions from these two stations consti- 

tute the worst case for signal power ratio. Since all detectors 

response equally when these two stations transmit, the worst case 

photodetector fractional power may "se evaluated from Eq (214). 

N-2 

yj 
. Po2 _ WcVc    (WcV        jjjcftW 

ii <WcV 
N-l (120) 

Eq (120) is equivalent to Eq (115) for the uniform in-line data bus, 

The coupling factors for the 17 station tapered in-line data bus 

shown in Figure 87 were calculated for 

a mTT T   =0.84 
O  I  c c 

(232) 
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Using Eq (232) mc = 0.558 and nu. = .9 the current reduction factor 

-Eq (231)- is FCR - 0.4 for the center (9th) station, and the worst 

case fraction detector power ratio from Eq (120) is 

TO RpT = 5.82 x 10"
3 (-22.35dB) (233) 

Equation (232) is a very optimistic value using a   ■ 0.748 for Rank 

fiber from Table II and «rT-Tj ■ 0.452 from Table I gives 

aoVcTc = 0-338 (-4.71dB) (234) 

which gives from Eq (231) for the center station of an 8 station bus. 

FCR = 0.08 (235) 

and from Eq (120) with mc = 0.558 and nu. = 0.884 for an 8 station bus 

TO RpT = 6.16 x lO"
5 (-42.11dB) (236) 

The worst case dynamic range for the tapered bus is the same 

as the worst case unbalance in the power split. Therefore, the value 

of DpT is 

"PT = Pf = 1 * 'oWc 03 
(237) 
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Using Eq (234) gives 

DpT = 1.338 (238) 
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APPENDIX  IV 

FIXTURE DATA SHEETS 
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APPENDIX V 

AN INTRODUCTION TO RADIATION EFFECTS 

ON ACTIVE AND PASSIVE OPTICAL COMPONENTS 
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LIST OF SYMBOLS 

;   ' 

SYMBOL 

c 

C 

D 

Dn 

E 

E 

""PE 

EMI 

ESR 

9 

L 
I gen 

!,(•) 

K 

DEFINITION 

Junction area 

Damage constant 

Junction capacitance 

Dose in rad (Si) 

Diffusivity of electrons 

Electric field in PIN diode 

Energy, general 

Incident electron energy 

Final energy of electron 

Kinetic energy of photoelectron 

Electromagnetic interference 

Electron spin resonance 

Electron-hole pair generation rate 

Drift current component 

Generation current in depletion-layer 
region 

Generation current as a function of neutron 
fluence 

Neutron damage constant 

Damage constant 

Gamma-ray damage constant 

Electron diffusion length 

Intrinsic carrier concentration 

UNIT 

cm2 

rad-1 

F 

rad 

cm2/s 

V/cm 

ergs 

eV 

eV 

eV 

V/m 

cnT's"1 

A 

A 

cm2/s 

cm2/s 

rad-1 

cm-1 

cm-3 
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SYMBOL 

ND 

Ap 

pn 

pno 

q 

R 

T 

s 
V 

W 

LIST OF SYMBOLS (continued) 

DEFINITION 

Concentration of donor impurities 

Excess carrier (nole) concentration 

Concentration of holes in an n-type 
semiconductor 

Concentration of holes in an n-type 
semiconductor in equilibrium 

Magnitude of electronic charge 

Radiation intensity, dose rate 

Transmission (transmissivity) 

Radiation pulse duration 

Applied voltage 

Depletion layer width 

Junction thickness 

UNIT 

cm-3 

cm"3 

cm"3 

cm"3 

C 

rad/s 

s 

V 

cm 

cm 

i 

o 

eSi 

n 

•it 

LIST OF GREEK SYMBOLS 

Decay constant 

Permittivity of free space = 8.86X10 

Dielectric constant of silicon = 12 

External quantum efficiency 

Pre-irradiation external quantum efficiency 

Electron-hole pair generation rate in 
silicon, 4.3-1013 pairs/cm3-rad (Si) 

Carrier mobility 

F/cm 

cm"3rad"1 

cm2/V-s 
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LIST OF SYMBOLS (continued) 

SYMBOL DEFINITION PAGE 

y Linear absorption coefficient cm-1 

p Electrical resistivity ohm-cm 

a Cress section, general cm2 

at Total cross section cm2 

T Minority carrier lifetime 

To Initial lifetime 

TN Non-radiative lifetime 

TNo Pre-irradiation non-radiative lifetime 

TR Radiative lifetime 

♦ Neutron fluence cm"2 
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SECTION I 

INTRODUCTION 

Fiber-optic data transmission systems are presently being con- 

sidered for use in military communicauon systems.    These systems 

offer a number of inherent advantages in comparison to twisted pair 

or coaxial cables.    Advantages include:    improved RFI-EMI character- 

istics, elimination of cross talk, large bandwidth, light weight, 

electrical isolation between circuits and general insensitivity to 

BMP. 

In military applications, fiber-optic communication systems 

will be required to operate during and after exposure to nuclear 

radiation.    The performance of the various components of a fiber- 

optic system is, however, degraded on exposure to nuclear radiation, 

lit fact, the study of rudiation effects on glasses (one component 

of the optical data transmission system) has been the subject of 

extensive investigations during the past 30 years.    Radiation damage 

effects in silicon and gallium arsenide have also been the subject 

of lengthy investigation.    As a result, a vast amount of information 

is available to form a basis for understanding and predicting 

radiation effects on optical system components.    Although this in- 

formation exists, the continued evolvement of new fiber materials 

and device designs of light emitter and detector semiconductor struc- 

tures continues to generate new developments in system radiation 

hardening.    As a result, this field of endeavor is at a new height 

of intensity and sophistication with rapid advances being made 

during the past few years. 

This investigation comprises an effort to provide both a founda- 

tion for understanding radiation effects in fiber optic system com- 

ponents as well as a summary of present state-of-the-art system design 

consideration for radiation hardness.    The study begins with general 
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SECTION II 

INTERACTION OF RADIATION 

AND NUCLEAR PARTICLES WITH MATTER 

A. DEFINITIONS 

Following is a list of definitions which will prove useful 

in the study of radiation and nuciear-particle damage on solid- 

state optical components. 17'18' 

A —  the symbol for mass number, the sum of the neutrons and protons 

in a nucleus. It is the nearest whole number to an atom's 

atomic weight. For example, the mass number of cobalt-60 

(60Co) is 50. 

Absorbed dose -- When ionizing radiation passes through matter, some of 

its energy is imparted to the matter. The amount of energy 

absorbed per unit mass of irradiated material is called the 

absorbed dose, and is measured in rads. 

Absorber -- any material that absorbs or diminishes the intensity of 

ionizing radiation. Thermal-neutron absorbers such as boron 

and cadmium are used in control rods for reactors. Concrete 

and steel absorb gamma rays and neutrons in reactor shields. 

A thin sheet of paper will absorb or attenuate alpha particles 

and low-energy beta particles. 

Absorption -- the process by which the number of particles or photons 

entering a body of material is reduced by interaction of the 

particle or radiation with the material. 

Activation -- the process of making a material radioactive by bombard- 

ment with neutrons, protons, other nuclear particles, or high- 

energy photons. 
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Alpha particle (a) — a positively charged particle made up of two 

neutrons and two protons bound together and therefore identical 

to the nucleus of a helium atom. It is the least penetrating 

of the three common types of radiation (alpha, beta, gamma) 

emitted by radioactive material. 

o 

Angstrom (A) — 10'8 centimeters 

Annihilation radiation -- the radiation produced when a positron re- 

combines with an electron. The commonest process of destruc- 

tion is one in which a positron unites with a free or loosely 

bound electron and both disappear, their entire energy passing 

away in the form of 2 photons each having energy of 0.51 MeV. 

The two photons are emitted at 180° with respect to one 
another. 

Atomic weight — the mass of an atom relative to other atoms. The 

present-day basis of the scale of atomic weights is carbon 

with an arbitrarily assigned weight of 12. 

Barn 

f  ! 

- lQ~2Hcmz  is the unit of cross section (o) and is the measure 

of the probability that a nuclear interaction will occur. 

For example, to describe the interaction of fast neutrons 

with a semiconductor material, the number of interactions 

per cubic centimeter per second is equal to Naif) where 

N = number of target atoms/cm3 and (j) = Incident neutron flux 

(number of neutrons crossing a cm2 of target area per second). 

Beta particle — an elementary particle emitted from a nucleus during 

radioactive decay. A negatively charged beta particle (B") is 

Identical to an electron. A positively charged beta particle 

(0+) is called a positron. 

Bremsstrahlung — electromagnetic radiation produced by the sudden 

deceleration of a moving electron It described by the German 

term bremsstrahlung (braking radiation). This form of radia- 
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tion has its origin when a moving electron approaches very 

close to the positively charged nucleus and suffers a drastic 

energy loss. The loss in energy will appear as a photon with 
energy E = hv. 

Cadmium ratio - is used to describe the energy distribution of a 

flux of neutrons. It is approximately equal to the ratio of 

flux component below the cadmium cutoff to the flux component 

above the cadmium cutoff. The cadmium cutoff occurs at 0.4 ev. 

At energies above the cadmium cutoff, the neutron capture cross 

section drops off rapidly; below this energy, the capture cross 

section is high. The cadmium ratio is often used to define the 

relative hardness of a neutron flux or beam. 

Cerenkov radiation - light emitted when charged particles pass through 

a transparent material (e.g.. fiber optics) at a velocity 

greater than that of light in the material. The number of 

quanta emitted per wavelength interval is proportional to 

1A3. The Cerenkov light is found n^dominantly at the blue 
end of the visible spectrum. 

Cobalt 60 source - an intense gamna-ray source used in radiotherapy 

and for the^study of radiation damage in solids. Each disinte- 

gration of  Co involves the emission of 1 beta particle and 

2 gamma rays given by the following decay scheme. In most 

cobalt 60 sources the beta particle is purposely absorbed 

and only gainna radiation is emitted. 

60 
27 Co 5.26 year 

^0.31 MeV 

Y 11.17 MeV 

Y )1.33 MeV 
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Compton electron — the electron which is ejected by an incident photon 

from an unbound state in the atom. This is essentially a "two- 

body" elastic collision between the incident photon and free 

electron. The incident photon scatters at a given angle and 

reduced energy while the Compton electron is propelled at a 

given energy and angle. The Compton effect is one of the three 

ways photons lose energy upon interaction with matter. 

Cross Section — the probability of occurrence per nuclide, per unit 

time, per unit flux of a particular collision process, such as 

the elastic scattering of a particle through a certain angle or 

the absorption of a particle by a given nuclear process, etc. 

Curie — the quantity of any radioisotooe which has a disintegration 

rate of 3.7'10l0/s. 

Dose — a measure of the radiation field to which a material is sub- 

jected. It should be expressed in terms of the interaction of 

the field with a reference material, e.g., silicon. Dose is 

expressed in rads or Roentgen (R,r). 

Dose rate — the radiation dose delivered per unit time and measured 

for example in terms of rads per second (rad/s). 

Electromagnetic radiation — radio waves, heat waves, light waves, gamma- 

rays, photons are all examples of electromagnetic radiation. 

They all travel with a velocity c = 3'1010 cnys in a vacuum. 
Energy given by E = hv where h = Planck's constant ■ 6.63'10-27 

erg-s, and v ■ frequency of the radiation. 

natron volt (eV) -- the amount of kinetic energy gained by an elec- 

tron when it is accelerated through a potential difference of 

1 volt. It is equivalent to 1.6'10-12 erg. It is a unit of 

energy. 
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ElSSJSS — tl» splitting of atoms of uranium, plutonium, etc. into two 

atoms (fission fragments) with release of neutrons and an 

enormous amount of energy. (Mass of the two fission fragments 

is less than the fissioning atom). 

H"e"ce — the time-integrated flux rate, e.g., the total number of 

incident neutrons that cross a square centimeter of target area 

during the exposure time; the units are cm'2. 

Flux (neutron) — a measure of the intensity of neutron radiation. It 

is the number of neutrons passing through 1 square cm of a 

given target in 1 second; the units are cm"2s-1. 

Fusion -- the release of energy obtained by forming one heavier atom 

(e.g., ^He) plus a neutron from two lighter atoms (e.g. 2H). 

Mass of the heavy atom and the neutron is less than the sum 

of the two lighter atoms. 

Gamma (Y) ray — a high-energy, (defined herein to be > 0.1 MeV) 

short-wavelength electromagnetic radiation.  Gamma rays have 

their origin within the nucleus of an atom. 

lonization — the process of removing one or more electrons from atoms 

or molecules thereby creating ions. Nuclear radiation can 

cause ionization. 

I 

l50t0Pe " atoms composed of nuclei with the same number ot protons 

(Z) but different number of neutrons and hence different mass 

numbers (A) are called isotopes. 

keV— one thousand electron volts (l.e'lO"9 ergs). 

Linear absorption coefficient (u) -- a characteristic coefficient that 

expresses the efficiency with which material absorbs ionizing 

radiation. It appears for example In the equation I 
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where I is the dose per unit area remaining after penetrating 

x cm of material thickness and I is the incident dose rate 

per unit area. 

Luminescence — emission of light produced by the action of electrical, 

chemical, incident radiation, or any other cause except high 

temperature (which produces incandescence). 

MeV -- one million electron volts (LSOO-6 ergs). 

Neutron — an uncharged particle having a mass slightly larger than 

the proton. The neutron and the proton are the fundamental 

building blocks of all nuclpi. 

Thermal neutrons are in thermal equilibrium with their environ- 

ment, generally considered to be those whose energy is less 

than approximately 0.1 keV. At room temperature the most 

probable energy of thermal neutrons wo'jld be 0.025 eV. 

Epithermal neutrons have energies greater than thermal neutrons. 

Epicadmium neutrons have energies above the cadmium absorption 

cutoff (approximately 0.4 eV). 

Slow neutrons have energies in the range 0 - 1000 eV. 

Intermediate neutrons have energy in the range 103 to 5*105 eV. 

Fast neutrons have energy greater than~10 keV. Most damage to 

semiconductor components of interest is caused by fast neutrons. 

Hue1eon - proton or neutron (which are the fundamental building blocks 

of all nuclei). 

Nuclide — a general term applicable to all atomic forms of the elements. 

Nuclides comprise all the isotopic forms of all the elements. 

Pair production — when the energy of an incident photon is greater 

than 1.02 MeV, the photon can be absorbed in the material 

through the mechanism of pair production (production of an 
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electron and a positron). If the photon has excess of 1.02 MeV. 

the excess energy is shared between the positron and electron, 

thus: 

hv = 1.02 MeV + E+ + E. (239) 

Pair production is one of the three ways photons lose energy 

upon interaction with matter, 

Photoelectron and Photoelectric Effect — the electron which is 

ejected from one of the electron shells of an atom when a 

photon of energy hv collides with an atom. Energy (E) of 

the photoelectron is given by: 

E = hv - binding energy of electron (240) 

All of the energy of the incident photon is expended in the 

photoelectric process. The photoelectric effect is one of 

the three ways photons lose energy upon interaction with 

matter. 

Photon (Gamma-ray or X-ray) — a bundle of energy which travels in 

wavepacket form at the velocity of light, c = 3»1010 cm/s. 

Energy is descrioed as E = hv where h = Planck's constant 

= e.eS'lO"27 erg-s  and frequency v ■ c/A where \  = wave- 
length of the radiation. Photons are referred to almost 

interchangeably as quanta, gamma rays. X-ray, or light waves. 

A general relation between energy of the photon in electron 

volts (eV) and wavelength \  in nanometers is: 

E(eV) 1.243 
X(nm) (241) 
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Positron — a positively charged electron with charge + e = 1.6'10_l9 

coulombs. 

Proton -- an elementary particle with single positive charge, (the 

njcleus of a hydrogen atom). The proton and neutron are the 

fundamental building blocks of all nuclei. 

Rad — that quantity ot nuclear or ionizing radiation that releases 

100 ergs of energy in a gram of given material. The material 

must be specified when using the term. Because silicon is a 

common reference material, (Si) is often designated in terms 

of the "dose" expressed in »"ads. 

Roentgen (R,r) — a term specifying the amount of ionizing (gamma or 

X-) radiation that produces 2.083'109 ion pair/cm3 in air at 

S.T.P. The rate of energy release is expressed in roentgens 

per unit time. 

X-ray ~ a penetrating form of electromagnetic radiation emitted when 

the inner oribtal electrons of an excited atom return to their 

normal state (characteristic X-raysJ or by the bremsstrahlung 

process. X-rays are non-nuclear in origin. 

Z -- The atomic number of an atom. Z is equal to the number of pro- 

tons in the nucleus. The un-ionized atom has Z electrons 

surrounding the nucleus. 
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B. INTERACTION OF X-RAYS AND GAMMA-RAYS WITH MATTER 

The basic series of events which transpire in the interaction 

of radiation (photons) with matter will now be considered. If a slab 

of material thickness Ax is placed in the path of a beam of X- or 

gamma radiation, a number of photons will be removed from the beam. 

The number AI will depend directly on the number of incident photons 

I and on the thickness Ax. Mathematically, Al is equal to the pro- 

duct of u, I and Ax so that 

AI = -ylAx (242) 

where y, the constant of proportionality, is called the linear absorp- 

tion coefficient and is expressed in units of cm"1. The linear absorp- 

tion coefficient u depends in a complicated way upon the atomic number 

Z of the absorbing material and energy E of the radiation, but for 

given values of Z and E, \i has a definite value. The negative sign 

is necessary to Eq (242) because as Ax increases, the number of 

photons in the beam decreases. 

Rearranging Eq (242) and integrating gives 

•Kx) 

where 

/ H pdx (243) 

-MX 

(244) 

I(x) - Ioe-
wx 

I0 
s incident radiation intensity at x«0. 

I(x) = radiation intensity at position x in the material. 
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The absorption of X- or gamma rays Is thus said to be exponential. Ex- 

tensive tables for the linear absorption coefficient p are to be found 

in the literature. ^ 

Let us now define the methods by which photons are absorbed 

in matter and resulting motion imparted to electrons. The processes 

by which these interactions take place are: 

• Photoelectric effect 

• Compton process 

• Pair production 

1.  Summary of the Photoelectric Effect 

The photoelectric effect involves an interaction between a 

photon and a bound electron within the various electron shells of the 

atom. In the interaction, the photon disappears and all of its energy 

is imparted to the resulting photoelectron and the photoelectron bind- 

ing energy within the atom. The kinetic energy EpE of the photoelectron 

is therefore: 

EpE = hv binding energy of the electron (245) 

The photoelectric cross section per atom and hence the accompanying 
(1 \3 r  rf   » 

r.L) (i.e., inverse E3 de- 

pendence;, me aosorption coefficient per atom of material varies 

with atomic number dS^Z1*. From the Z dependence, note that photo- 

electric absorption will be about 25 times more effective per atom 

in GaAs than in Si. For semiconductors, the effect plays a dominant 

role in the energy range 1 keV to 100 keV. 

2.  Summary of the Compton Process 

The Compton process involves an interaction between a 

photon and a free or "unbound" electron within the material. In each 

photon collision with the electron some energy is scattered and some 

absorbed; the amount depending on the angle of collision and the 
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energy of the photon ("billiard ball" type collision). The photon 

does not disappear in the Compton process. On the average, the 

fraction of energy transferred to kinetic energy of the electron per 

collision process increases with increase in photon energy. Since 

the Compton process is one involving free electrons, all materials 

absorb essentially the same amount of radiation per electron. On 

an atomic basis each electron in the atom scatters independently 

and the Compton absorption coefficient per atom is proportional to 

the atomic number Z. The cross section for Compton interaction 

varies as 1/E where E is the energy of the incident photon. For the 

interaction of photons with semiconductors in the energy range -- 

200 keV to 10 MeVf Compton absorption is much more important than 

either the photoelectric or pair-production process. 

3.  Summary of Pair Production 

Pair production involves the interaction between a photon 

and a nuclear charge. When a photon passes near the nucleus of an 

atom and is subject to the strong electric field of the nucleus, it 

may disappear as a photon and become a positive and negative electron 

pair. The threshold is 1.02 MeV (the sum of the rest mass of the 

electron and positron expressed in units of energy, MeV). The 

absorption of the photon per atom involved in pair production in- 

creases approximately as Z2. The energy dependence for photon ab- 

sorption varies as~E, where E is the incident photon energy. Pair 

production becomes the most important type of absorption for photon 

energies above ~10 MeV. 

C. INTERACTION OF ELECTRONS WITH MATTER 

When an electron penetrates the surface layer of a given mater- 

ial it suffers many collisions before It loses all of its energy. Two 

fundamentally different energy loss mechanisms occur. They are re- 

ferred to as collision losses and radiation losses. Both processes 

are complicated if studied in detail, but can be understood in part 

without the introduction of advanced quantum mechanics. 
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Collision losses are of two types: 

1) Collision of the incident electron with atomic electrons 

of the material results in excitation or ionization of the atom which 

in turn results in generation of quanta (X-rays, light waves, heat, 

etc.)-    The electrons ejected from the atom often have enough energy 

to produce excitation and ionization of other atoms.    The collision 

cross section for this process varies as~Z2.    The average energy of 

the electron expended in generating an ion pair in air by this mech- 

anism is about 33 eV.    Approximately 3 to 4 eV is expended by an 

electron per hole-electron pair generated in semiconductor materials. 

2) Direct collision of the incident electron with atoms 

results in atomic displacement.    This type of collision produces 

defects in the lattice structure of semiconductors and crystalline 

insulators.    From application of classical concepts of conservation 

of energy and momentum, it can be shown that the onset energy thres- 

hold of the incident electron for this process in silicon is~250keV. 

Radiation loss occurs when an electron approaches very close to 

the nucleus of an atom.    In this case the electron is made to partially 

orbit   around the nucleus by the strong attraction between the positive 

nucleus and the incident negative electron.    The electron will recede 

from the atom with reduced energy.    The loss in energy will appear as 

a photon with energy hv and the primary electron will recede with 
final energy E,. given by: 

Ef=Ei hv (246) 

where L = incident energy of the electron. The resulting radiation 

of energy hv is called bremsstrahlung radiation. It arises from the 

decleration of the electron. At low energies this interaction is 

very unlikely but at high energies it becomes more probable than 

energy loss by collision interactions. The cross section per atom 
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since they are the types of collisions which induce radiation damage 

in semiconductors and fiber optics. 

Fast neutrons (£ > lOkeV ) experience elastic collisions with 

nuclei of matter. In an elastic collision, the classical conservation 

of energy anH momentum laws apply, and a portion of the energy of 

the striking neutron is transferred to the struck nucleus. The cross 

section for elastic collissions for fast neutrons increases with 

increasing mass number A roughly in the same manner as the geometrical 

cross secticnof a sphere whose volume increases proportionally to the 

number of particles contained therein. Elastic scattering cross sec- 

tions for fast neutrons are in tne ~1 to 10 barn ringe. 

In semiconductors and glasses the greatest cross section for 

fast nei-trons is elastic scattering resulting in displaced atoms 

and primary knock-on atoms which are capable of causing ionization. 

The displaced atoms cause defects in the lattice of semiconductors 

and crystalline insulators and lead to permanent damage effects in 

these materials. 

E. EMP DEFINITION 

E 

A significant portion of the energy released during a nuclear 

detonation appears as an electro-magnetic pjlse having the same fre- 

quencies as commercial radio and military systems equipment. The 

effect is of importance to the designer concerned with radiation 

effects on electronic systems.20»*-•72 Two mechanisms are believed to 

generate the EMP from a nuclear detonation. They are: 

•  Compton-electron production, and 

t  Generation of hydromagnetic waves. 

The first mechanism, that of Compton electron production, is 

created as the initial syimetrical distribution of gamma radiation 

from the nuclear explosion collides with electrons, atoms and mole- 

cules of the surrounding air. The resulting Compton electrons move 
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rapidly away from the center of the blast and generate an electro- 

magnetic wave. The electromagnetic signals are emitted in the first 

few milliseconds after the burst and have a very broad-banded radio- 

frequency spectrum. From the system designer's standpoint, the 

signals can be handled as a severe case of radio noise and ordinary 

precautions taken against this type of noise. 

The second effect, generation of hydromagnetic waves, is 

created by the "field-displacement" effect. A property possessed by 

all plasmas is the tendency to exclude a magnetic field such as that 

of the earth from its interior.  The expanding plasma of weapon 

residues thus causes a distortion of the earth's magnetic field. 

As a result of the interaction between the geomagnetic field and the 

charged particles in the expanding plasma and in the very tenuous, 

ionized surrounding gases, the disturbance propagates away from the 

burst region as a hydromagnetic wave. This is a slowly moving mag- 

netic field of great penetration power, and the system engineer 

must utilize high-permeability shielding to reduce its magnitude to 

acceptable values at the system level.  Cabling must be protected 

and standard techniques for reduction of induced voltages must be 

utilized. The "field-displacement" mechanism is believed to be 

especially important at very high altitudes where the air density 

is low and the expansion of the plasma is not impeded by the atmos- 

phere. 

A typical high level EMP has an intensity"BfHO6 volts per 

meter. This is~107 times as intense as fields created by EMI sources 

in a typical metropolitan area. Fortunately, immunity to many of 

the effects of EMP is realized by utilizing an electronic system 

coupled with fiber optics. The fibers are effective insulators 

which eliminate the possibility of such fundamental EMP source detec- 

tion mechanisns as "ground loops", etc. 
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SECTION III 

RADIATION DAMAGE IN SEMICONDUCTORS 

A. INTRODUCTION 

The radiation damage effects to be discussed in this section 

are permanent* and remain after all transient ionization has de- 

cayed23' ^ 25. The permanent damage which predominantly affects the 

electrical properties of semiconductor materials is the creation of 

vacancies and interstitials in the crystalline structure. These 

defects are created when an atom is displaced from its lattice site 

and leaves a vacancy. The atom comes to rest in a position outside 

the lattice and is referred to as an interstitial. The vacancy- 

interstitial pair is defined as a Frenkel defect. 

Atoms are displaced from their lattice sites by incident fast 

neutrons, energetic electrons, or by knock-on interstitials 

^secondaries traveling through the crystal). Approximately 15 e¥ of 

energy must De imparted to an atom to remove it from its lattice 

site. From conservation of energy and momentum theorems, this 

implies that a threshold energy of~20Ü eV is required for incident 

neutrons and ~250 keV for incident electrons. Because the momentum 

of a photon is so small, Frenkel defects arise during high-energy 

photon bombardment by means of the secondary processes of photo- 

electron, Compton-electron, or pair-production interaction with the 

*Transient radiation effects resulting from pulse exposure of the 
semiconductor to ionizing radiations such as X- and gamma rays 
are also important. The excess charge carriers (electron-hole 
pairs) created by incident ionizing radiation are capable of pro- 
ducing excess currents and voltages in a semiconductor device. 
These transient effects disappear VJS the electron-hole pairs re- 
combine or are swept out of the device by imposed electric fields. 
Transient radiation effects in semiconductor devices will be 
separately considered in each of the sections pertaining to the 
components comprising the fiber-optic data transmission system. 
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atoms of the crystal. The resulting Frenkel defects occur in localized 

clusters around the primary knock-on ooint. Other events such as ther- 

mal spikes and transmutation of the semiconductor atoms generate second- 

order effects on the electrical characteristics of semiconductors and 

will be neglected in this discussion. 

Frenkel defects give rise to energy levels in the forbidden gap, 

thereby changing the electrical characteristics of the semiconductor 

crystal. The defect generation rate and position of the energy levels 

have been snown to be dependent upon certain pre-irradiation properties 

of the crystal such as oxygen content and defect density.26 The damaqe 

levels in all cases lie close to the center of the forbidden gap and 

are located well below the Fermi level in n-doped semiconductors and 

well above the Fermi level in the p-doped crystals. These crystal 
defects and their corresponding energy levels induce the following 

permanent (if annealing effects are neglected) changes in the electrical 
properties of semiconductor materials: 

t  Decrease the minority-carrier lifetime, 

• Reduce the effective doping level (increase resistivity) 

by means of majority carrier removal, and 

t  Degrade carrier mobility. 

B. MINORITY-CARRIER LIFETIME 

Frenkel defects act as recombination centers (traps) which de- 

crease the lifetime of minority carriers27.    The minority-carrier life- 

time is inversely proportional to the trap density and the increase in 
trap density is proportional to the neutron fluence.    The relationship 
can be expressed as 

1 .  1 + K$ (248) 
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where   T     =   pre-irradiation minority carrier lifetime 

■ 
l 
i 

K  = neutron damage constant 
I 

$  = neutron fluente 

Eq (248) can also be written as 

T = 
To (249) 

1 + T0K$ 

which shows the decrease in lifetime as the neutron dosage increases. 

K depends on such factors as type and energy of the bombarding particle, 

nature of the semiconductor (whether silicon or gallium arsenide), and 

upon impurities in the lattice such as oxygen. An order of magnitude 

value for the damage constant K for silicon is IQ"7 s-1 (neutrons/ 

cm2)"1. 

C.   MAJORITY-CARRIER REMOVAL 

Although reduction of minority-carrier lifetime is the most 

commonly encountered origin of permanant radiation damage in semi- 

conductors, induced changes in conductivity can also result. Since 

the Fermi level lies between the energy levels induced by Frenkel 

defects and the energy band which contains the majority carriers (the 

conduction band in n-doped and the valence band in p-doped crystals) 

there is a trapping effect on the majority carriers. For example, 

in n-doped crystals, the trap levels are below the Kermi level and, 

therefore, have a high probability of being occupied by electrons. 

The electrons which fill these traps come from the doping impurities 

which would normally have supplied electrons to the conduction band. 

The trapping of these electrons decreases the effective majority- 

carrier doping concentration (carriers are removed) and results in 

an increase in the crystal's resistivity. 
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Carrier removal by trapping of majority carriers becomes im- 

portant if the number trapped is appreciable in relation to the total 

impurity concentration. The extent of the effect can be defined in 

terms of increase in resistivity p through the concept of carrier 

removal rate  D . Thus: 

• 

A* 

[v © •]- 
where q = electron charge 

M = mobility 

ND = doping level 

The semiconductor crystal tends toward intrinsisity as the radia- 
AN 

tion dosage increases. The carrier removal rate __D , however, vanes 

with the number of carriers left to trap; otherwise, the resistivity 

in Eq (250) would increase to infinity and then become negative. In reality, 

the removal rate approaches zero oS the number of free carriers approach- 

es the intrinsic concentration. For silicon starting resistivity in the 

1-10 ohm-cm range the initial carrier removal rate is about 4 per in- 

cident fast neutron per cm2 for reactor source neutrons of average 

energy %1 MeV 28. 

D.    MOBILITY DEGRADATION 

Carrier mobility is less sensitive to radiation damage than is 

minority-carrier lifetime or conductivity.    The finite mobility in a 

crystal at low temperature arises from olectron scattering by fixed 

charged scattering centers.    The interaction of electrons with lattice 

vibrations limits mobility at high temperatures so that radiation has 

little effect in this latter case.    The onset of fast neutron fluence 

levels which begins to degrade mobility is in the region of-1017/cm2 
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whereas minority carrier lifetime degradation and majority carrier 

concentration change begin to take place at neutron fluences of 

~1012/cm2. 
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SECTION IV 

RADIATION DAMAGE IN SILICA FIBERS 

I 

Theory and experiment of the defect solid state form the basis 

for understanding and categorizing radiation effects in silica and 

other vitreous fibers. The state-of-the-art is not, however, as 

nearly advanced for the field of radiation effects on these mater- 

ials as it is for semiconductors. To establish a basis for analysis 

of radiation effects on the simplest of the vitreous fibers, silica, 

we must first focus attention on radiation effects in somewhat simi- 

lar structures which are considerably more elementary and which have 

received a great amount of attention during the past 30 years. 

These structures are the alkali halides (also referred to as ionic 

crystals)29'30. 

Ionic crystals are generally transparent insulators, many 

having elementary structure such as found in NaCl and CsCl. Under- 

standing of the radiation sensitivity of the alkali halides has been 

advanced through study of color centers within these materials. 

Perhaps the most often referred to defect which gives rise to color 

centers in ionic crystals is the so called F center. The F center 

in NaCl, for example, is a negative ion vacancy Cl" with an electron 

occupying the vacancy site and the Cl" positioned interstitially 

within the crystalline lattice. The electron and its quantum mech- 

anical system at the vacancy site give rise to a characteristic 

absorption band which, in turn, imparts color to the crystal -- 

hence the term color center. 

The fact that the single crystalline alkali halides are 

essentially completely ionic in their atomic bonding plays a cen- 

teral role in interpreting structure-sensitive radiation effects in 

these crystuls. It is reasonable, therefore, to ask with what rigor 
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can we apply ionic crystal defect concepts to amorphous materials such 

as silica? Rationale for applying these principles, in somewhat over- 

extended generality, can be developed by considering the materials in 

the following sequential order: 

Alkali Halide 

'< 

Quartz 

1! 
Fused Silica 

From X-ray studies31 it has been shown that: 

• The alkali halides exhibit ionic bonding. 

t  Single crystalline quartz bonding is about "halfway" in 

content between purely ionic and purely covalent bonding. 

• The "local" arrangement of the atoms of amorphous silica 

is very similar to that of quartz, e.g.: 
o 

• The average Si-0 distance in silica is 1.62A in 
O 

close agreement with 1.60A in quartz. 

• The average number of oxygens around each silicon 

atom in silica is four in close analogy to quartz. 

Thus, the Morphotn silica may be pictured as a random distribution 

of S104 groups  interlocked via oxygens which belong to two adjacent 

tetr^hedra.    Radiation properties which depend on localized environ- 

ment should be very similar in the crystalline and In the amorphous 

forms while those which depend on long-range correlations are expected 

to differ gr?>?tly. 
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• Thermal or displacement spikes. The thermal agi- 

tation set up in the wake of fast particles may 

rapidly heat a small volume of the material to a 

very high temperature followed by rapid quenching. 

This can result in highly disordered regions in 

the solid. 

• Production of color centers at existing defects by 

means of trapping of radiation released eloct-ons. 

The electrons are released by incident gamma or 

electron ionizing irradiations. 

The above considerations serve as a useful guide, but the 

system is of course more complex if the silica is non-stoichiometric, 

i.e., contains impurities33, excess silicon, excess oxygen, etc. 

The situations where other vitreous fiber optic materials are employed 

such as the lead glasses, the soda lime glasses, etc., introduce 

further intricacies in the analysis of radiation effects and the 

defect solid state. Data concerning radiation effects on these 

and other fiber optic materials are presented in Section VI*. 

Included in Section VI*are discussions of both permanent 

and transient induced absorption in the fiber resulting from radia- 

tion damage. Luminesence effects which occur in the fiber during 

radiation can confuse or obliterate comunication information and 

are also considered. 

*In this Appendix 
28? 
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SECTION V 

RADIATION EFFECTS ON PIN DIODES 

A. INTRODUCTION 

A silicon PIN diode3' . Flpir« 91, is used in optoelectronic 

data transmission systems as the sensor for LED output signals 

which have been transmitted through multimode glass fibers.    The 

PIN diode is operated under reverse bias in order to collect the 

lOOym 

n-type 

I 

400 ohm-cm 

ND=1.3.1013/cm3 

^ 

W 
(95ijm) 

Figure 91. The SPX 1615 PIN Diode 

2.5ym 

-o 

ionization in the I layer created by the light output from the op- 

tically-coupled LED.    Operation of the PIN diode considered herein 

is in the fully-depleted Mode, i.e., the depletion layer reaches 

through (punches through) the I region from P+ to N+ interface. 

Operating voltage is, however, held below the avalanche breakdown 

condition.    Since the PIN diode is operated under reverse bias in 
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these optoelectronic applications, the analysis will be directed 

only to the response of the reverse characteristics to permanent 

and transient radiation effects. For specificity, these results 

will be related to the SPX 1615 PIN diode photodetector. 

The permanent effects (introduction of lattice defects) 

are induced by fast neutron fluxes.    Permanent effects can also 

be generated by high-energy electrons, but since the PIN diode 

is encapsulated in a metal package (10-46, for example) electron 

radiation is shielded in part from the silicon die and the accom- 

panying radiation damage becomes package dominated.    The lümi1 

metal wall thickness of the package will effectively stop~0.6 MeV 

electrons.    In addition, electrons have an~250-keV threshold for 

atomic displacement in silicon.    This threshold value coupled with 

the stopping power of the package provides effective shielding to 

approximately 1 MeV for electrons.    Permanent radiation damage by 

electrons will therefore be neglected in this analysis. 

High-energy photons can also induce permanent damage in the 
PIN diode, but recall from Section II*   that these are second-order 

effects in that photons must first be converted into high-energy 

electrons (>250  keV) predominantly by the Compton process in order 

to effectively displace silicon atoms within the crystal.    Per- 

manent damage effects of high-energy photons will therefore be 

neglected. 

Transient radiation effects35   of high-energy photons will, 

however, be considered.    Exposure to high-energy photons creates 

(through the photoelectric, Compton or pair-production process) 
excess electrons and holes in the I layer of the PIN diode.    These 

excess carriers cause temporary changes in the behavior of the PIN 

diode which return to pre-irradiation conditions after the radia- 

tion is removed.    During the radiation interval, however, current 

*In this Appendix 
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flow in the reverse-biased PIN diode can be orders of magnitude 

greater than that of nominal leakage current.    This radiation- 

generated current can interfere with the normal signal processing 

and interpretation of data flow through the optical fiber for de- 

tection at the PIN diode.    These transient radiation effects in 

the PIN diode will therefore have a large impact on fiber-optic 

system performance. 

B. PERMANENT DAMAGE 

1. Introduction 

The permanent effects of radiation damage on PIN diodes 

are summarized in Figure 92. PIN diode response to permanent radia- 

tion damage has been investigated in detail during the past 15 

years36"39. The resulting response can now be predicted with a 

fair amount of accuracy. The major effect that will be considered 

in this category of radiation damage is that of permanent increase 

of leakage current resulting from radiation induced minority carrier 

lifetime degradation. Fortunately, minority carrier lifetime degrada- 

tion does not alter the internal quantum efficiency since the PIN 

diodes under consideration operate in the fully depleted mode where 

internal quantum efficiency is independent of minority carrier life 

time. 

2. Radiation Induced Leakage Current 

Silicon PIN diode leakage current (dark current) at a 

fixed reverse bias voltage is identifiable as generation current in 

the space-charge (depletion-layer) region and is given by'*0: 

1      ni 
I™« = T q — WA. gen     2 ^  x      j (251) 
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leakage increase caused 
b> minority-carrier 
lifetime degradation 

increase caused by 
carrier removal 

Before irradiation 
After irradiation 

increase by loss 
of conductivity 
modulation through 
minority-carrier 
lifetime degrada- 
tion. 

Figure 92.    PIN Diode I-V Characteristic Response to 

Permanent Radiation Damage Effects 
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A quality PIN diode will have the following pre-irradiation 

parameters 

T0   =   50s 

Dn   =    30 cm2/s 

Ln   ~   15mils, where Ln = ^T"0 

For calculation purposes consider  an SPX 1615 PIN diode as shown in 

Figure 91 operated in full  depletion such that W = 95ym.    Then for  a 
junction area of 0.0126 cm2  (50mil diameter)    the pre-irradiation 

value of dark current can be calculated from Eq (254) as: 

I 

k— = 2.7nA (3 T = 270C gen 
(255) 

The dark current of the PIN diode provides a shot-noise signal 

input to the pre-amplifier to which the PIN diode is connected. As 

shown in this report (Figure 5, p. 22), the equivalent input noise cur- 

rent (bias current) is linearly proportional to the data-bit rate. 

When the PIN d-'ode leakage current reaches a value equal to the input 

base bias current of the pre-amplifier, the input noise will be in- 

creased by 3dB. We will arbitrarily consider the noise increase of 

3dB as an upper bound on the permissible radiation damage effects 

which can take place in the I-V characteristics of the PIN diode.* 

* For a system designed to operate in a nuclear environment, allow- 
ance must be made for radiation degradation of the components com- 
prising the system. In the case of the PIN diode, this degradation 
takes place in the form of increased dark current and associated 
shot noise. The allowance that must be made in this case is to apply 
more signal power to the detector than is required to achieve the 
desired signal-to-noise ratio prior to degradation of the photodiode. 
The amount of excess signal that is required must be determined in- 
dividually for each specific application. In order to quantify this 
effect, a factor of 2 (3dB) excess signal is chosen herein for numer- 
ical demonstration of the magnitude of this effect. 
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It has further been shown1 that for a 7.5Mbit/s system, the input 

bias current to the first stage of the detector pre-amplifier is 

lyA  Also, the input current scales linearly with bit rate and 

has a value of 20yA at a data bit rate of 150Mbit/s. Using these 

concepts coupled with the 3dB constraint for radiation damage 

effects on the PIN diode, a nomograph (Figure 93) can be constructed 

which defines the radiation tolerance of the PIN diode as it is 

utilized in the optoelectronic data-transmission system. In 

preparing the nomograph, it is assumed that the PIN diode dark 

current is dominated by I  given by Eq (254). The approximation 

that I n doubles for every 10
oC increase in temperature is also 

utilizednin obta:  .9 the results of Figure 93. 

C.   TRANSIENT RADIATION EFFECTS ^1-,,^ 

In PIN diodes where transient ionization effects are particularly 

important, the excess carriers created by ionization will be capable 

of producing excess currents and voltages until the generated carriers 

disappear through eventual   rtron-hole recombination or are swept 

out of the I region by the presence of the electric field. For steady- 

state irradiation where equilibrium is reached and where there is no 

current-density gradient, the excess minority carrier concentration/* 

is given by 

Ap = Pn - P no gx (256) 

where 

'no 

concentration of holes in an n-type semiconductor 

concentration of holes in an n-type semiconductor at 

equilibrium 
generation rate of electron-hole pairs due to absorbed 

radiation (electron-hole pairs/cm3-sec) 

minority carrier lifetime 
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Figure 93.    PIN Diode Radiation Tolerance as a 
Function of Transmission Bit Rate (Theory) 
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Two processes cause motion of the generated excess carriers 

and give rise to current flow in the PIN diode.    The first process 

is due to the presence of the electric field and results in drift 

current.    Typical junction transit times for carriers producing 

drift current in semiconductor devices are 0.1ns to 10ns. 

The second process is due to diffusion of the carriers in the pre- 

sence of a carrier concentration gradient and results in diffusion 

current.    The components of diffusion current are considerably 

slower than those of drift current and are typically   10ns to 
1.0ms. 

For the case of the PIN diode operated in the fully depleted 

mode (reach-through condition), diffusion currents become of second- 

ary importance and transient radiation effects can be defined in 

terms of the drift current component only.    Thus for a drift condi- 

tion with I-layer transit time at- 1.0ns (short compared to the 

transient radiation pulse length, t ) the short-circuit current 
Ij is given by 

qgAjW (257) 

where: 

q   =   electron charge (1.6'10-19C) 

g   =   electron-hole pair generation rate = KR.    For silicon38, 

R = radiation intensity (rads/sec) and K = 4.3«1013 

pairs/cm3-rad. 

Aj = junction area 

W   = depletion-layer width 

Then for the specific case of the SPX 1615 PIN diode: 

Aj = .0126 cm2 

W   = 95nm 
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and from Eq (257) 

Id ■ (1.6-10-19)(4.3-1013)(.0126)(95-10--)=8.2-10-loA/rad-s-1 

The generated current pulse in the SPX 1615 would appear as shown 

in Figure 9A. 

(258) 

I = 8.2'10-10 A/rad-s"1 

Figure 94.    SPX 1615 Response to Transient Ionizing Radiation 

of Constant Amplitude and Time duration tp 

It is of interest to calculate the transient radiation f.ux 

lavel in the PIN diode which would be disruptive to data interpre- 

tation for a given fiber-optic system.    As an example, consider a 

system comprised of 150ft of Galileo fiber having attenuation of 

.2dB/ft.    Assume that 1 milliwatt of power is coupled into the 

fiber from the LED and that the responsivity of the PIN diode is 
0.5A/W.    Then a 30dB signal loss occurs in the fiber and the 

resulting signal current flow in the PIN diode for this system is 
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5*10~7A. If we assume that a transient radiation induced signal 

in the PIN diode equal to one fourth that of the peak-to-peak signal 

amplitude of a data pulse can be experienced without introducing an 

error in the data, then an incident transient radiation pulse of 
intensity, R < 1.5'102rad/s can be tolerated as calculated from Eq (257), 

Similar calculations can be performed on other fiber-optic 

systems.    Further consideration of these effects will be presented 
in an overall system stud> of radiation effects in  Section X*. 

D. 

, *• 

MISCELLANEOUS RADIATION EFFECTS 

1.     Avalanche Breakdown Voltage (VJ' 

Radiation induced majority-carrier removal will serve to 

increase the avalanche-breakdown voltage of a conventional p-n diode. 

This effect has its origin in the reduction of electric field result- 

ing from ef ective decrease of the doping levels in the junction by 

radiation-induced majority-carrier removal. 

For the PIN diode considered herein, operation is in the 

reach-through mode (I layer of width W is fully depleted).   The average 
electric-field, £, in the I layer is given by 

=-     V 
E = K (259) 

For the abrupt P+n and N n junctions characteristic of the PIN diode 

shown in Figure 91, W will  remain essentially constant during radia- 

tion exposure because of the presence of the heavily doped P+ and N+ 

regions.    These regions will not experience appreciable carrier 

removal until the neut»on fluence exceeds values of > 1017/cm2. 

Electric field at a fixed bias will therefore remain constant and 

VB will essentially be independent of neutron fluence for conven- 
tional exposures. 

*In this Appendix 
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2.     Junction Capacitance''0 

Capacitance of the conventional p-n junction at a given 

reverse voltage will decrease because of radiation-induced majority- 

carrier removal.    This is caused by the increase of depletion-layer 

width for a given reverse voltage as the effective doping levels de- 

crease on exposure to radiation. 

For the PIN diode operated in the reach-through mode, 

capacitance is given by: 

AjVsi 
W f260) 

and is independent of doping level. The P and N regions which 

serve as the boundaries of W will not move until neutron fluence 

values exceed lO^/cm^. Capacitance of the PIN diode will there- 

fore be independent of radiation effects at conventional exposure 

levels 

3. Series Resistance 

Series resistance of the PIN diode is primarily deter- 

mined by the resistance generated in the P1" ^rd N regions shown 
+   + 

in Figure 91. Again, because of the heavy doping in the P and N 

regions, carrier removal effects will not become important until 

t exceeds 1017/cm2. Onset of mobility degradation will take place 

at «I)~l017/cm2. Until these levels of neutron fluence are reached 

little if any increase should be expected in the series resistance 

of the reverse-biased PIN diode. 

4. Quantum Efficiency 

Quantum efficiency of the PIN diode of Figure 91 operated 

fully depleted with ohmic contacts close to the depletion region is 

to first order independent of electron or holr diffusion length. In 

this case, absorption of all incident quanta takes place only in tne 
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I layer and minority carriers are drifted across the I layer by the 

electric field and collected at the device terminals.    The quantum 

efficiency should therefore be independent of neutron radiation 

damage for PIN diodes of the type shown in Figure 91. 
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SECTION VI 

RADIATION EFFECTS ON GaAs LEDS 

A. INTRODUCTION 

The p-n junction ligi.t-emitting diodes (LEDs)',,* summarized in 

Table XVIII exhibit 10-90% rise times of less than 20 nanoseconds, 

operate without special cooling, have small size, low cost, rugged 

construction and are well suited for data-bus use. 

Table XVIII.    LED Components for Data Bus Use 

GaAs (Zn-Si) zinc diffused 

InGaAs (single heterostructure) 

GaAlAs (single heterostructure) 

The LEDs summarized in Table XIX are not generally used for data-bus 

applications and hence will not be considered in the discussion of 

radiation effects',5»',6. 

Table XIX*.   LED Components Not Suited 
for Data Bus Use 

LED 

GaAsl-xpx 

GaAs(Si-Si) 

GaP 

Comment 

not reliable, too inefficient 

too slow 

too inefficient 

*A1though plastic fibers in general appear promising from a radiation 
hardness standpoint, they suffer an intolerably high inherent loss 
factor at 900nm.    In the vicinity of 700nm, however, the plastic fibers 
have an acceptable inherent loss factor of only 'vfl.ZdB/m and thus 
can perform the fiber-optic function in this latter wavelength range. 
The GaAsP LEDs defined in Table XIX can be fabricated to radiate in the 
700nm range.    They unfortunately possess the physical deficiencies de- 
fined In Table XIX and high-performance LEDs with radiation wavelengths 
compatible to plastic fiber optics are not available.   Basic material 
limitations presently indicate that a high-data rate plastic fiber/LED- 
based military system will not be achieved. 
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Attention is therefore directed toward defining radiation-damage 

effects on the particular devices summarized in Table XVIII.   The informa- 

tion pertaining to these effects will be somewhat rudimentary since ex- 

tensive documentation and a comprehensive understanding of radiation- 
damage effects on III-V LEDs is not yet available. 

B. PERMANENT RADIATION EFFECTS ON GaAs (Zn-Si) LEDs 

1.     Response to Gamma Irradiation 

Investigations of the decrease in external quantum effi- 

ciency of light output of coherent and incoherent GaAs diodes has been 

attributed to the introduction of nonradiative defect centers which 

decrease the minority-carrier lifetime.1*9"51.    The effect has been 

quantified by Share et-al52 for radiation effects on closely compen- 

sated LEDs whose p-n junction regions are formed vith Zn and Si, 

respectively.    These diodes were fabricated by diffusing zinc into 

n-type, silicon-doped GaAs, ND = 1.5'1018/cm3.    Light was emitted 

from the p region and the number of p-radiative centers was considered 

to be approximately 4'1016/cm3.    Response to gamma-ray radiation dam- 
age can be summarized as: 

a.      Degradation of radiative lifetime, rR. 

The light-generating mechanism is apparently mra 

strongly affected by     Co gamma rays than by fast neutrons.    For ex- 

ample. Share et-al52 find that at gamma-dose levels of 108 rads (Si), 

the external quantum efficiency drops off almost exponentially (a 

factor of 300); whereas, the minority-carrier lifetime t only de- 

creases slightly (by a factor of /).    The large reduction in efficiency 

with gamma dosage accompanied by the small decrease in carrier lifetime 

indicates that the decrease in efficiency is not solely due to a de- 

crease in minority carrier lifetime.    The radiative lifetime is found 
to increase as: 

-CD 1    _    1 
v, rn    e (261) 

Ro 
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where: 

TR   ■    radiative lifetime 

TRo =   pre-irradiation radiative lifetime 

0     =   dose in rads (Si) 

c     =   Damage constant expressed in {rads (Si)}-1 

A c value for these diodes is founo to be 

c = 4-10-8{rads (Si)}"1 (262) 

b.      Degradation of non-radiative lifetime, x... 

The effect of gamma dose on the non-radiative life- 
time is given in analogy to Eq (248) by 

1   ,   1 
TN     TNo 

+ v (263) 

where: 

TM     =   non-radiative lifetime 

No =   pre-irradiation non-radiative lifetime 

K      =   Damage constant expressed in {rads (Si) sec}"1 

The K   value for these diodes is found to be: 
\ 

Ky = 2.1 {rads (Si) s}'1 (26*) 

The fractional degradation in external quantum efficiency produced by 

incident  Co gamma rays is 

JL. 
TNo 4 TRo 

cD, •  TN ♦ T^O+T^K D) 
(265) 

N ' lRo No Y 
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where 

n   = external quantum efficiency 

no = pre-irradiation external quantum efficiency 

and all other terms and coefficients have been defined. 

2.      Response to Neutron Irradiation 

The total minority carrier lifetime x can be expressed in 

t^rms of the radiative lifetime TR and the non-radiative lifetime 
TNas53 

i=J_ +_L 
T     TR       TN 

(266) 

for exposure to neutrons, Eq (266) reduces to 

— = — + KK,$ 
T        T0 N (267) 

where 

I0   =   pre-irradiation minority carrier lifetime 

$     =    neutron fluence 

KN   =   Damage constant expressed in cm2/s 

A KN value for these diodes is found to be 

KN = 12-10-6cm2/s (268) 

The fractional degradation in external quantum efficiency induced by 

fast neutrons is given by 

JL. 2  
r.0  (1+T0KN*)V

2 
(269) 

where all terms have been previously defined. 
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3.      Summary of Response to Neutron and Gamma Irradiation 
(Permanent Damage Effect) 

The above results indicate that the data can be fitted 

to a model  in which gamma radiation introduces the following 2 

defects which contribute to degradation of light output: 

•       Defects are introduced which act as non-radiative 

recombination centers resulting in a decrease in 

non-radiative lifetime. 

0       Defects are introduced which reduce the number of 

active recombination centers on the p-side of the 

junction.    This has the effect of increasing the 

radiative lifetime.    A low concentration of active 

radiation centers such as found in the Zn - Si 

diodes (4«1016/cm3 Zu) is probably a necessary 

prerequisite for observing such an effect.    The 

precise physical explanation for the effect, however, 

is presently undetermined. 

The neutron-induced defects are primarily non-radiative 

in character since the reduction in efficiency can be explained by 

a decrease in minority-carrier lifetime. 

Finally, from the data of Share et-al52,   it is to be noted 

that the external quantum efficiency is down by 50% at a     Co gaima 

dose of % ID7 rads,  Eq (265). A neutron fluence of MO^cm2 is re- 

quired to reduce the external quantum efficiency by 50%» Eq (269). 

C. TRANSIENT RADIATION EFFECTS ON GaAs  (Zn-Si) LEDs 

A transient pulse of ionizing radiation incident on an LED will 

produce electron-hole pairs in and about the region o* the p-n junction 

of the device.    The resulting ionization will generate a current flow 

in a direction such as to forward bias the device.    If the radiation 
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burst is of sufficient intensity (rad/s), the forward current flow 

will be large enough to generate a light output signal from the LED 

which will be disruptive to the normal flow of data in the fiber- 

optic system. 

Let us calculate the ionizing radiation intensity required to 

generate the spurious signal from the LED. For "he calculation 

assume that a type SPX 1775 LED is subjected to the ionizing radia- 

tion pulse and that forward current flow in the device of If= 50mA 

will generate the interfering signal. Then 

where 

If = qgAjWt (270) 

q  = electron charge (1.6*10"19 C) 

g  = electron-hole pair generation rate 

m   R(100erqs/g) (density of GaAs) 
(3eV/ion-pair)(1.6-10"12ergs/eV) 

R  = dose (rad/s) 

A. =     junction area = 50'10-6cm2 for the SPX 1775 

Wt   =   junction thickness = 1.6-10'3cm for the SPX 1775 

Then substituting the appropriate values for the SPX 1775 LED into 

Eq (270) yields 

50-10-3 .   (1.6.10-^^00}|5.3)j50.10-M(1.6.10-3) (271) 

and, 

R = 3.5-10,0rad/s 
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Thus an incident ionizing radiation pulse of intensity equal 

to 3.5'1010rad/s will generate a spurious light output signal from 

the SPX 1775 which will be disruptive to true data flow in the fiber- 

optic system. 
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SECTION VII 

RADIATION EFFECTS ON FIBER OPTICS 

A.    INTRODUCTION 

Recent investigations have demonstrated that substantial light 

transmission losses may arise in multimode glass fibers exposed to 

ionizing radiation51*'55. In addition, generation of luminescence in 

the optical fiber during and immediately following the irradiation 

produces erroneous signals and in extreme cases can result in photo- 

detector damage in optical systems56. This section summarizes results 

of radiation damage measurements which have been performed on both 

high- and low-loss fibers used in present-day optical systems and also 

on some of the other relevant bulk gUsses and plastic fibers. A 

review of radiation hardening methods for fiber optics is also included. 

If the optical system is to function in a radiation environment, 

radiation effects must be taken into account in component selection 

so that system sensitivity is not degraded and false signals are not 

introduced in the system. For typical LED transmitting powers and re- 

receiving system sensitivities, the total optical loss in the system 

can be about 45dB for a bit-error ratio of 10"6 to 10"8. Optical 

losses have their origins in:55 

1) Coupling loss between LED and fiber, 

2) Reflectivity loss at the ends of the fiber, 

3) Packing-fraction loss due to the difference 

between total fiber bundle area and fiber-core 

area. 

4) Inherent losses in the fiber material caused by 

absorption and scattering processes. The inherent 

loss can be defined in terms of the composition 

as follows: 
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Figure 95.    Maximum Allowable Radiation-Induced Absorption vs 

Fiber Length for Various Values of Inherent Loss 
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Materia1 Inhärent Loss 

Pure and some doped 
fused silicas 0.001-0.01 dB/m 

Best multicomponent glasses 
and some other doped glasses 0.1 dB/m 

Most commercially available 
fibers 0.5dB/m 

Doped multicomponent glasses 
and plastics IdB/m 

5)    Losses due to absorption centers induced by radiation 
damage. 

Since a loss of 'v.lOdB is contributed by items 1 through 3 above, 

losses of 'V'SSdB can be expended in items 4 and 5.    The maximum allowed 

loss due to irradiation (dB/m) can be expressed in terms of fiber 

length (meters) if the remaining 35dB loss is distributed between the 

inherent loss and radiation damage loss.    The results are plotted in 
Figure 95 for the four levels of inherent loss defined in the fourth 

Item above. 

B. FIBER RESPONSE TO X- AND GAMMA RADIATION (PERMANENT DAMAGE) 

Incident X- or gamna-rays produce energetic electrons in glass 

which dissipate their energy oy formation of electron-hole pairs.    Of 

those holes and electrons captured at the quasi lattice imperfections 

in the glass, some result in optical absorption57.    Also, the irra- 

diation energy (if high enough) may result in the production of 

defects and these defects when populated with holes and electrons 

may further contribute to absorption of light in glass fibers. 

Most of the commercially available optical fibers MdB/m 

inherent loss) consist of a high-index lead-silicate glass core clad 

with lower-index borosilicate glass.    Radiation-induced loss versus 

wavelength for one of these fibers (Coming-5010) is shown in 

Figure Si65\ The results summarized in Figure 96 are typical of the 

response exhibited by many of various fibers to high-energy photon 

exposure.    Characteristics to be noted are: 
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Increasing doses of  Co gamma-rays produce a general 

increase in induced absorption toward shorter wavelengths. 

Induced absorption results from color-center formation 

in the ultra-violet, visible, and near infra-red regions. 

The absorption bands near 400nm and 650nm are thought to 

be hole centers characteristic of silicate glasses58. 

Absorption loss is approximately linear with dose for the 

values recorded in the range of 200 - 10,000 rads over a 

spectral distribution of 500nm to 1.15ym. 

Substantial fading of the radiation included absorption 

occurs with time at room temperature, c.f. insert of 

Figure 96. To avoid inconsistencies in reporting permanent 

damage effects introduced by absorption centers with short 

lifetimes, approximately 24 hours must be allowed between 

irradiation and subsequent redetermination of the optical 

absorption spectrum. 

.6^ 8 TTF 
Wavelength (urn) 

O 

Figure 96. 60 Co Gamma-ray Induced Absorption Loss in Corning Type 

5010 Fibers 
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Table XX summarizes reported values55*59 for radidtion-induced 

loss in several commercial fibers and relevant glasses at a wavelength 

value appropriate to systems discussed in this report, viz 900nm. The 

data of Table XX can be used in conjunction with the information sum- 

marized in Figure 95 for treatment of system design situations. For 

example, Corning 5010 fibers suffer a permanent absorption loss of 

2.5dB/m on expose to 1.0 k/rad of radiation thereby limiting fiber 

length to 10 meters in system application at this radiation level. 

In contrast, 10-meter long Corning low-loss (Si02(Ge): S1O2) fibers 

can withstand approximately 5000 k/rad of radiation for equivalent 

system performance based on linear extrapolation of radiation damage 

constant given in Table XX. 

C.    FIBER RESPONSE TO FAST NEUTRONS (PERMANENT DAMAGE) 

Pioneering investigations60*61'62 of neutron radiation damage 

effects on crystalline and fused silica were performed in the late 

igSO's. The nature of the work involved discovery of radiation induced 

absorption bands, wavelength location of the bands, discovery of optical 

and thermal bleaching (fading) of the bands, Gaussian curve fitting to 

the resolved bands, ard establishing models of band formation. Perhaps 

one of the most important basic discoveries of the time was that when 

samples are subject to fast-neutron irradiation, color centers are pro- 

duced which subsequently are activated (become colored) by ionizing 

radiation. 

The early investigations were performed with neutron fluences 

greater than 1018/cm2 which are at least six orders of magnitude 

higher than those of present interest for long fiber-optic cables 

The optical materials of that time were also limited in their variety 

of compositions. In addition, many of the studies were concentrated 

on the absorption bands as they developed in the ultraviolet. Thus 

although these efforts are not of pragmatic value to the design of 

radiation hardened fiber-optic systems, experimental techniques were 

developed and data were obtained which provide a foundation for the 
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concentrated research efforts which are needed on present-day fiber 

optics. 

Neutron radiation damage data for fiber optics is much more 

limited in availability than is that of damage effects from  Co gamma 

rays. The recent work of Maurer et-al63; however, indicates that the 

spectral response of absorption loss induced by fast neutrons 

(E = 14MeV) is similar in shape to that resulting from fiber exposure 
60 r.c 

to  Co gamma rays, c.f. Figur» 95. In general, the radiation induced 

changes are large at short wavelengths und decrease monotonically to 

very small effects at longer wavelengths. Maurer et-al63 measured 

twenty-fve to fifty-meter sections of multimode high-silica glass 

fibers in their original state at Corning Glass Works and then sub- 

jected them to irradiation at USAECOM, Fort Monmouth. The samples 

were returned to Corning for transmission measurements. Results indi- 

cated that a 14Mev neutron fluence of 1.4'1012/cm2 induced an attenua- 

tion of M).02dB/m at 900run in these fibers. 

Other data pertaining to neutron induced loss in various fibers 

has recently been obtained from the Sandia Laboratories at Livermore, 

California6\ Their results are summarized in Table XXI. The IMeV 

neutrons used in the experiment are derived from a polonium-beryllium 

source. Although the data of Table XXI are preliminary and bl.ould be 

used with caution until formally published, it would appear that the 

equivalence of permanent damage generated by fast neutrons and  Co 

gamma rays is given very approximately for the lead silicate glasses 

as 

3'1010neutrons/cm2 @ IMeV ■ 1.0k rad of 0Co gammas    (273) 

Further complications in interpreting the data of Table XXI arise in 

that saturation effects in neutron radiation damage (non-linear 

response) have been observed •*, 
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It is realized that fast neutrons create atomic displacement 

with resulting generation of defects. Electron and hole excitation 

by ionizing radiation followed by trapping of electrons and holes at 

the defects creates the light absorbing color centers. It is net 

obvious then as to the degree by which neutron damage to the fibers 

enhances the damage sensitivity to ensuing X-rays and gamma rays. 

Clearly, further neutron-damage experiments are required on fiber 

optics. 

D.    TRANSIENT RADIATION EFFECTS 

Some military and civilian communication systems may be sub- 

ject to exposure to ionizing radiation fields of various intensities. 

It is therefore of importance to characterize the transient response 

of optical fibers to bursts of ionizing radiation. Two transient 

characteristics are observed. They are luminescence and decay of 

characteristic absorption spectra in the irradiated fiber. 

1.  Luminescence 

Generation of luminescence in optical fibers during 

pulsed irradiation is indicated by a detectable light level in the 

fibers which is in excess of the pre-irradiation value. For fiber 

optic data links operating in a pulsed radiation environment, lumi- 

nescence detected by broad-band silicon photodetectors acts as a 

source of false signals and may represent possible transient inter- 

ference on the comnunications system. The effect has been studied 

in some detail55'59 and it has been found that the luminescent 

intensity 'uring pulsed irradiation is large enough to interfere 

with signal detection in typical applications  Data have been 

obtained for X-ray and electron exposure rates from 10^ to MO12 

rad/s. Pulse duration was typically 50ns. 

Characteristics of the induced luminescence can be summar- 

ized as follows: 

313 



-«3C- 

• The intensity of luminescence is proportional to 

the instantaneous rate of dose deposition in the 

fiber. 

• The most prominent feature of luminescent spectra 

is the increase in emission intensity toward 

shorter wavelengths. 

• Luminescence is caused prirnarily by Cerenkov radi- 

ation of electron origin. Threshold energy for 

electrons is greater than 200 keV for glass with 

index of refraction =1.5 for producing Cerenkov 

oucput. 

• Processes such as electron-hole recombination 

also contribute to luminescence. 

• Luminescence is observed only during the irradia- 

tion pulse 55. An exponential decay with charac- 

teristK constant of ^170VJ£ has, however, been 

observed for luminescence in certain glasses59. 

• The intensity of luminescenc is greater during 

electron irradiation than during X-ray excitation 

for the Same dose. (X-rays must be converted into 

high energy electrons by the Compton process, 

etc. in order to generate Cerenkov radiation.) 

It is concluded that rven in an optimistic evaluation 

including filtering, lumines;ence generated during a pulsed irradiation 

can interfere with signal processing and detection in many applications 

unless special circumvention or lock-out techniques are employed55. 

The electronic recognition of valid Manchester data code and parity 

check should be particularly effective in nullifying the system 

response to luminescence generated by the radiation pulse. 

I 
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2.  Deca> of Characteristir Absorption Spectn 

The transient nature of defect centers in glass has been 

recognized for many years. An example of these effects is found in 

the fading of radiation induced coloration in glass dosimeters65. 

Time spans of hours to days were of interest for dosimeter glasses. 

For fiber optic data systems, we are interested in the range extend- 

ing from hundreds of microseconds to several hours following exposure 

to ionizing radiation. In a previous section of this report, radiation 

induced absorption spectra are considered to be permanent twenty-four 

hours after the conclusion of exposure. We will continue to make this 

assumption concerning permanent damage, although in reality thermal 

untrapping processes continue indefinitely. It will be found that the 

radiation induced transient absorption is typically orders of magnitude 

larger than the radiation induced permanent abso>ption. 

Following is a summary of experimentally determined decay 

characteristics of radiation induced absorption spectra: 

• The high-loss fibers, following pulse irradiation, 

show substantially more radiation induced loss than 

the low-loss fibers. 

• Measured decay rates are similar following both 

pulsed electron and X-radiation. Both the magni- 

tude and shape of the peak transient absorption 

spectra are substantially ihe same for equiva'ent 

doses of electrons and X rays,. 

• The magnitude of the peak transient absorption is, 

in most glasses, approximately linear with dose 

for exposures up to ^50k rad. Above that dose 

level, saturation effects become dominant. 

t The magnitude of the peak transient absorption 

spectrum is different from the permanent absorp- 

tion spectrum for a given material. For example, 

the absorption spectrum of Corning low-loss fibers 
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measured 24 hours after 60Co gamr.-a irradiation 

appears as the tail of a band centered at the 

shorter wavelengths, with negligible absorp- 

tion above 600nm. In contrast, the transient 

spectrum in the same-material peaks near 500nm 

with a monatonically decreasing tail extending 

beyond 900nm. 

The fading of ehe transient absorption spectrum 

follows a power law (i.e., fading t"a). The 

recovery data can thus not be explained by a 

conventional model involving the characteristic 

expenential decay of thermally stimulated release 

of trapped charge. 

To obtain an appreciation of what transient decay implies 

for a real system. Table XXII shows the maximum lengths which could be 

used for some representative fibers at a transmission wavelength of 

900nm if a 35dB radiation loss could be tolerated in the fiber link, 

The results of Table XXII are obtained from the data of Si gel et-al 

Mattern et-al55, and Wall66. From the results of Table XXII it would 

appear that for reasonable recovery times, the entire optical data link 

will be dominated by transient effects in the fibers. Recovery times 

of several minutes may be required wich accompanying system shut down 

in order to establish adequate recovery of the fibers and proper 

system performance  Here again, electronic recognition of valid Man- 

chester data code and parity check should be effective in nullifying 

the system response to the radiation pulse. 

E.    RADIATION HARDENED FIBER OPTICS 

Research for protecting fiber optics material against radiation 

has been initiated. In one of the investigations5', the application 

of the conventional glass window radiation protection method of cerium 

doping has been employed. High purity soda lime silicate glass of 

composition 0.75 Si02. 0.2 Na70. and 0.05 CaO was prepared without 
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cerium, with 0.00}% mole CeOUs  and with 0.01% CeOi.s. Figure 97 shows 

the relative response of the three glasses following a 5»107 rad dose. 

In the visible and near IR, substantial radiation hardening has been 

achieved. Protection by trivalent cerium has been found to be success- 

ful if optical losses arise from hole-center absorptio.i binds. This 

approach to radiation protected lead-silicate glasses is also being 

pursued by Acharekar . 

The result of another recent study68 has shown that the radiation 

response of silica, germania and doped silica can be altered by control- 

ling the ambient atmosphere during heat treatment. If there are oxygen 

vacancies in the glass, the concentration of E' defects may be decreased 

and the fiber radiation hardened by heat treatment in an oxygen atmos- 

phere. In addition, high-temperature annealing in argon may be used to 

relieve strained bonds. This latter technique has been used to decrease 

the radiation sensitivity observed in Corning 7943, Suprasil, and 

Dynasil lOOO68. 
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Figure 97.    Radiation hardening of soda lime silicate glass 

with cerium-oxide doping. 
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There have been indications that hydroxyl content has an inhibit- 

ing effect on the formation of radiation induced absorption centers in 

vitreous silica69. It has therefore been proposed that OH radicals 

reside at oxygen sites, preventing the formation of oxygen vacancies 

and E' defects during irradiation. In conflict with the latter, however, 

is the physical characteristic that silica for fiber optics must be 

prepared with low OH content to prevent optical absorption in the infra- 

red by OH harmonic bands. It may therefore be advantageous to seek 

alternate methods for lowering the intrinsic absorption near 900nm. 

One such method would be the exchange of deuterium for hydiogen in the 

hydroxyl concentration thereby shifting predominant 950nm band to 

l,340nm while at the same time maintaining a high deuterated "hydroxyl" 

content. Recent, meesurements70 indicate that under appropriate condi- 

tions, this procedure would be practical for glass fibers. 
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SECTION VIII 

RESPONSE OF COUPLERS TO THE RADIATION ENVIRONMENT 

Passive optical couplers will typically use scrambler rods 

made from the same type of glass as the core glass of the fiber optic 

bundles used in the system.    Flexible side arms in the couplers will 

employ the same type fiber optic bundle as is used in the system. 

With the construction technique reported in Ref 2, the passive 

couplers use unclad solid glass scrambler rods that are surrounded 

and held in place by a low-index silicone or epoxy resin which also 

acts as a cladding layer.    Based on this approach, the nuclear radia- 

tion resistance of the passive coupler is expected to be equal to or 

better than an equivalent length of the corresponding fiber optic 

bundle. 

With the lead glass/borosilicate glass fibers (Galileo, Rank, 

American Optical and Pilkington), the plastic cladding used in the 

coupler will give superior performance to the borosilicate glass 

cladding used in the fiber optic bundles.    This same situation 

applies to couplers made for Corning low-loss fiber.    With the plas- 

tic clad-fused silica fibers, the couplers and fiber-optic bundles 

should have equivalent radiation resistance.    Since these fibers 

and couplers use unduped SiOa, they are expected to give the best 

radiation resistance of any of the approaches considered. 

All-plastic fiber bundles and couplers based on DuPont's Crofon 

fibers will provide nuclear radiation resistance that is better then 

the lead-silicate fibers but worst than the plastic clad-fused silica 

fibers.   This approach has not been considered because plastic fiber 

optic bundles require LEDs with a wavelength of less than 700nm and 

high-performance LEDs in this wavelength range are not available. 

Basic material limitations seem to indicate that a suitable plastic- 

fiber LED for high data rate applications will not be achieved. 
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SECTION IX 

RADIATION RESISTANCE OF INTEGRATED CIRCUIT COMPONENTS 

A.    INTRODUCTION 

The radiation exposures that can cause fuilure of semiconductor 

devices cover an exceedingly wide range. In general, the most sensi- 

tive devices degrade sufficiently to cause c'rcuit malfunction at 

fluences of 10J2 fast neutrons/cm2. Diodes .^nd transistors can be 

selected, however, to provide adequate resistance to fluences of 10lu 

fast neutrons/cm2. 

Although radiation-damage effects in discrete bipolar devices 

have been detailed71, there is presently a dearth of published informa- 

tion pertaining to radiation effects on standard, comnercially avail- 

able digital and linear integnted circuits (ICs). An attempt will be 

made, however, to sut.marize the radiation resistance of ICs since these 

components will be used in peripheral circuits serving solid-state 

optical data transmission systems. Definition of the radiation hard- 

ness, of IC components is therefore needed in order to assess the 

overall radiation resistance of the optical syscem. 

B. DIGITAL INTEGRATED CIRCUITS 

Permanent radiation damage of digital ICs primarily affects the 

parameters of fanout and propagation delay. Olson et-al72 have re- 

ported on radiation response of the RSN54L series of radiation hardened 

TTL digital ICs. These circuits feature dielectric isolation, thin 

film resistors, and photocurrent compensation. The foregoing technical 

innovations harden the devices mainly with respect to transient radia- 

tion effects. The RSN54L gates were found to be within full electrical 

specifications at a total neutron fluence of MOO1* n/cm1 (1 MeV 

average) and a total electron (17 MeV) fluence equivalent to 108 rad (Si). 
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The gamma-ray transient failure threshold was found to be 3'109 rad(Si)/s. 

The above data coupled with published information73»7', .75 provide 

the basis for an estimate that standard bipolar digital IC components 

should be fairly insensitive to neutron fluences up to 1013 n/cm2, 

electron and gamma-ray exposure to 107 rads and transient exposure of 

MO7 rad/s. 

C.    LINEAR INTEGRATED CIRCUITS 

Permanent radiation damage effects on linear ICs degrade par- 

ameters such as open loop gain, input resistance, and offset voltage. 

Only limited experimental information pertaining to these effects has 

been reported in the literature76. From the published data and basic 

comparisons of digital to linear circuit operation, it is estimated 

that standard linear ICs should be relatively insensitive to neutron 

fluences up to ^1012 n/cm2, electron and gamma-rcy exposure of 

MO6 rads and transient exposure of MO5 rad/s. 
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SECTION X 

SYSTEM ANALYSIS AND CONCLUSIONS 

This section presents an overall view of nuclear radiation 

effects on a state-of-the-art optoelectronic data transmission system. 

The system performance is drawn from the analysis and measurements 

presented in other sections of the report.    The effects of various 

kinds of nuclear radiation are evaluated usirg data and concepts 

presented in this appendix.    The radiation analysis covers four 

different types o^ fiber optic bundle; pulse transient and permanent 

effects are considered.    The system performance in different radia- 

tion environments is discussed and conclusions and recommendations 

are presented. 

A. SYSTEM DEFINITION 

Recent component development has resulted in improved LEDs and 

detectors for use in optoelectronic data transmission systems and data 

buses.    The SPX 1775* LED is an hermetically sealed edge emitter de- 

signed for a plugable interface with 23 to 46mil diameter fiber optic 

bundles.    This GaAs LED delivers a total output power of about 

2.75mW at a bias of 100mA.    The GaAs edge emitter wafer used in this 

LED is the same as used in the SPX 1527 described in Section IV.D. 

in the body of this report.    The improved package of the SPX 1775 

gives a thermal resistance of 100oC/W which eliminates much of the 

LED slow tail response.    It also eliminates the need for a lens 

tennination on the fiber optic bundle and provides minimum LED/fiber 

optic interface loss. 

The SPX 1777* is an hermetically sealed silicon planar PIN 

photodiode that is also designed for a plugable interface with 23 

*The SPX 1775 and SPX 1777 photodiode were developed for the Naval 
Avionics Facility at Indianapolis on Contract N00163-73-C-0544. 
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to 46mil diameter fiber optic bundles. This silicon detector uses the 

same PIN photodiode chip as the SPX 1615. Therefore, the SPX 1615 
analyses presented in Appendix 1 and Section V of this appendix as 
well as the measured characteristics ir Section IV.E 2 in the body 
of the report are applicable to the SPX 1777. The package design of 
the SPX 1777 eliminates the need for a lens termination on the fiber 
optic bundle and reduces the detector/fiber optic interface loss to 
a minimum. The measured responsivity of the SPX 1777 is 0.5A/W in- 

cluding all interface losses. 

The system selected for analysis is a 10Mbit/s (Manchester) data 
transmission link as shown in Figure 98. The system consists of a 
digital IC transmitter, an SPX 1775 LED, 30m of fiber optic bundle, 
an SPX 1777 photodiode, a receiver using both linear and digital ICs. 

The four types of fiber optic bundles selected for study are 

listed in Table XXIII. Additional iiiformation on these fiber optic 
bundles is presented in Table III. 

For 10Mbit/s Manchester data, the preamp 3dB frequency, fe, 

from Eq (5) is 8.1MHz. Allowing 2.5 times more bandwidth for synchron- 
ization and clock recovery, the required 3dB bandwidth <s 20MHz. From 
Eq (20) an optimized 20MHz preamp hus an input noise current of 8.9nA. 
Combining this preamp with the SPX 1777 photodiode with a responsivity 
of 0.5A/W gives a required optical signal power of 17.8nW at the exit 
end of the fiber optic bundle for S/N =1. For a bit en-or rate of 
10"8 including clock errors and data errors the required S/N is about 
5.75. For 2.5 times excess bandwidth, the fractional response of the 
amplifier is 1.0; thus, from Eq (35) the required steady-state power 
at Jie exit end of the fiber bundle is 206nW. For an SPX 1775 LED 
with a total 907nm output power of 2.75mW, the maximum allowable atten- 

uation of the optical system is 

maximum   _ 206nW . , c.in-s   / A-I OKARX (97A\ 
attenuation " 2775ÄiW " 7-5,10     (-41 •25dB)        (274) 
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Table XXIII shows how this maximum attenuation is distributed 

in the system for each of the four ^iber optic bundle types. The 

end losses represent measured valuec for the Galileo, Pilkington and 

Corning fibers and a calculated value for the Schott fiber. This 

calculation assumed that the Schott fiber optic bundle consisted of 

19 fibers each having a 4mil diameter core and numerical aperture of 

0.3. The fiber attenuation was calculated for each bundle type using 

the specified 30m length and the attenuation factors given in 

Table III« The excess signal column in Table XXIII specifies the 

ratio oetween the ectual pow^r at the exit end of the fiber optic 

bundle and the required minimum power: 

excess _ in loa factual signal"! 
signal " 10 l09 L  2Ö6HW  J 

(275) 

I 

For each fiber type, the sum of the end loss, fibe.' attenuation and 

excess sigral is the maximum allowable attenuation of 41.25dB. 

The design philosophy for implementing radiation hard opto- 

electronic data transmission systems begins with seeking the largest 

possible value of excess signal. This quantity alone defines the 

amount of S/N degradation that can be allow«d and still meet the 

error rate specification. When the S/N degrades more than this 

amount the error rate increases dramatically. The S/N can degrade 

due to 

1) decrease in LED output power, 

2) Increase in fiber bundle attenuation, 

3) increase in receiver noise, 

4) decrease in receiver gain, 

5) light generated in the fibers by ionizing radiation, and 

6) response of the LED, photodiode and ICs to ionizinc- 

radiation. 
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Items 1) thru 4) can in principle be either permanent or transient 

sources of degradation.    However, the annealing effects associated 

with the degradation of the LED, pnotodiode and ICs are very slow 

at ordinary temperatures (hours-weeks) compared to the response time 

of an aircraft.    Thus, the degradation of the LED ind PIN photodiode 

must be treated as permaient.    Fiber optic bundles exhibit both 

transient and permanent increases in attenuation, item 2), ar-d IM 

transient effects can decay significantly in times less than 1.0s. 

Items 5) and 5) comprise a third category of distrubance in the 
system.    This is the direct response of the semiconductor devices 

and fiber optic bundle to ionizing radiation such as high energy 

electrons, X-rays and gamma rays.    In this analysis and discussion 

this type disturbance will be referred to as the nuclear pulse re- 

sponse of the system to distinguish it from the permanenc and transient 

effects. 

The two lead-silicate fiber types are included in this analysis 

to demonstrate the imprct of the pre-irrediation fiber loss on the 

hardness of the system.    The Galileo fiber has lower end loss than 

the smaller d'ar.ieter Pilkinqton bundle but this is more than offset 
by the higher meiuation of the Galileo fiber; the Pilkington system 

has 9.7dB more excess signal thei the Galileo system.    The Schott 

system has about the same end loss and fiber attenuation as the 

Pilkington system.    Comparison of these systems will ihow the basic 

difference between the lead-silicate and Si02 fibers in a nuclear 

radiation environment.    This emphasizes the other major consideration 

in tht design philosophy of radiation hard optoelectronic data 

transmission systems; mmely, to construct the system u:ing the 

best radiation hard components available.    The Cornin'1 system in 

Table XXIII has high end loss and very low fiber attenuation.    The 

excess signal is only 2.2dB less than for the Schott system.    The 

Corning fiber, with its germanium doped Si02 core offers a different 

set of characteristics in the nuclear radiation environment. 
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B.    SYSTEM PERFORMANCE 

The system performance In various nuclear radiation environ- 

ments is presented in Table XXIV. The three classes of system per- 

formance degradation that are considered are 

• permanent degradation, 

• transient degradation, and 

• nuclear pulse response. 

The remainder of this system performance section will be devoted to 

a detailed discussion and explanation of the data presented in 

Table XXIV. 

1.  Permanent Degradation 

Permanent degradation of the system is caused by both high- 

energy neutrons and ionizing radiation (high-energy electrons. X-rays 

and gamma rays). In Table XXIV the ionizing radiation is represented 

by gamma rays. The permanent degradation is dependent on the total 

integrated dose and usually is independent of dose rate. For the 

nuclea*' radiation enviornment of an aircraft, the total dose could 

be received in a single short pulse of high dose rate. 

For the Galileo fiber, the system bit error rate will be 

at 10"8 after a dose of 8.4'109/cm2 l.OMeV neutrons or a dose of 355 

rad of 60Co gamma rays. At these low dose levels there is no signi- 

ficant change in the LED, photodiode, linear ICs or digital ICs; all 

of the permanent damage is in the Galileo fiber optic bundle. Any 

dose larger than the values shown will cause a dramatic -'ise in the 

bit error rate. The Galileo fiber has very poor nuclear radiation 

hardness. 

The Pilkington fiber is also based on lead-silicate glass 

and, therefore, has much the same nuclear radiation degradation 

characteristics as the Galileo fiber. The Pilkington system has 
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9.7dB more excess signal and is, therefore, harder than the Galileo 

system. For the Pilkington system, tne permanent damage threshold 

for a bit error rate of lO'8 is 1.24 x 1010/cm^ l.OMeV neutrons or 

525rad 60O gamma. Compared to the Galileo system, the permanent 

damage thresholds are not increased by a factor of 9.33 (9.7dB) but 

are increased by the ratio of the excess signals (in dB) which gives 

a factor of 1.479. The lead-silicate Pilkington fiber has very poor 

nuclear radiation hardness. 

The Schott plastic clad-fused silica core fiber has 

the highest permanent damage thresholds shown in Table XXIV. For 

this system the error rate is lO"8 after a dose of 1 .gS-lO^/cm2 

l.OMeV neutrons or 50M rad of 60Co gamnas. From Eq (23) the optimum 

emitter current in the 20MHz preamp input transistor is 326uA; for 

a common emitter current gaii. of 100 the dc base current is 3.25yA. 

For the optimized preamp, the total mean square input noise current 

is about equal to 2 times full shot noise on the dc base current; 

this is also equal to full shot noise on two times the dc base cur- 

rent.  Thus, the mean square input noise current of the receiver 

can be represented by shot noise on a dc current of 6.5yA. For 

detector degradation to cause a S/N problem, the dark current of 

the detector must rise to a value of the order of 6.5yA.  From 

Eq (253) the Schott systei.. neutron fluence threshold of 

l.gs-lO^/cm2 causes the detector lifetime to drop from 50ys to 

25us - a factor of 2 permanent degradation. From Eq (254), this 

change in lifetime will cause the dark current to double; at 270C, 

the dark current will rise from 2.7nA to 5.4nA; 5.4nA is negligible 

compared to the equivalent noise current of 6.5yA. Thus, the Schott 

system neutron fluence threshold, which is the highest value in 

Table XXIV, causes a negligible permanent degradation in the PiN 

photodiode. If the temperature is raised to 1250C after neutron 

•.rradiation, the dark current of the photodiode will increase by 
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103 times to 5.4yA which is not negligible compared to 6.5MA. The 

S/N of the receiver at 1250C will be degraded by a factor of 1.14 

(.56dB). In general. Table XXIV refers to operation at 250C; 

however, if the Schott system is required to operate at 1250C the 

neutron fluence threshold drops to l.yA'lO^/cm2. Thus, even for 

the Schott fiber, the SPX 1777 neutron degradation 0 1250r, is only 

14% of the degradation in the fiber optic bundle. Diffused junction 

GaAs LEDs like the SPX 1775 are tolerant to fast neutron fluences 

of lG12/cm2, standard digital ICs are tolerant to 1013/cm2 and 

monolithic linear ICs are tolerant to 1012/cm2.  Thus, none of 

these components causes a significant performance degradation at a 

fast neutron fluence of 1.98«1011/cm2. 

The ionizing radiation permanent damage threshold for the 

Schott system of 5 x 107rad  Co gamma produces equal permanent de- 

gradation in the Schott fiber and the SPX 1775 LED. The fully depleted 

PIN silicon photodiode is not degraded by ionizing radiation. The 

standard digital ICs are tolerant to gamma doses of 107rad. In order 

to match the S-lGVad threshold, special radiation hardened ICs may 

be required. Monolithic linear ICs are tolerant to gamma doses of only 

106rad. In order to match the 5«107rad threshold imposed by the fiber 

and LED, special hybrid linear ICs will be required. 

The Schott plastic clad-fused silica core fiber has the 

highest (best) permanent damage threshold values of any reported 

fiber. Even so, the permanent damage threshold of the system is 

dominated by the Schott fiber. 

The l.OMeV neutron permanent damage threshold of the 

Corning low-loss fiber system is 1 .SS'lO^/cm2. This value is less 

than the corresponding value for the Schott fibers only because of 

the ratio of excess signal values for the two systems.  The neutron 

damage constants are the same for both fiber types. As in the Schott 

fiber system, the detector degradation will be noticeable at 1250C 
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but not at room temperature. All other components in the Coming 

system are unaffected by the fast neutron fluence of l.BS'lO'Vcm2. 

The Corning fiber is more susceptible to damage by 

ionizing radiation than the Schott fiber. Thus, the  Co gamma 

permanent damage threshold of the Corning system is 106rad (50 times 

lower than for the Schott fiber). At this dose there is less than 

10% degradation in the LED; all other components in the Corning 

system are tolerant to gamma doses of 106rad. 

The permanent damage thresholds of the Corning fiber are 

higher (better) than for the lead-silicate fibers, but not as high 

as for the Schott fibers. The permanent damage threshold of the 

Corning system is dominated by the fiber optic bundle. 

Permanent damage in the fiber optic bundles is caused by 

the creation of color centers; the absorption loss is greater (worse) 

at short wavelength. This is the case for both glass and plastic 

fibers. The tentative neutron data of Barsis61* presented in 

Table XXI suggests that plastic fiber has a lower permanent damage 

threshold than Schott fiber at 900nm. However, the pUstic fibers 

are useless at 900nm due to high intrinsic absorption. At 700nm, 

where the plastic fibers are useful (0.5dB/m), the neutron permanent 

damage constant for the plastic fibers is expected to be equal to or 

greater than that for Schott fibers at 900nm. For gamma-ray induced 

permanent damage, the Sandia Report55 shows that the Schott glass 

at 90nnm is far superior to the plastic fiber at 700nm.  Based on 

these observations, the most fruitful area for research on radiation 

hard fiberoptic bundles (permanent damage) is in the fused silica 

core fibers at 900nm and not in the plastic fibers at 700nm. This 

conclusion is further reinforced by the anticipated difficulty Of 

achieving a high performance LED at 700nm. 
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2.  Transient Degradation 

Transient degradation of the system is dominated by the 

transient absorption induced in the fiber optic bundle by a pulse of 

ionizing radiation represented by the  Co gamma-ray dose shown in 

Table XXIV. In order to observe the effect of the transient recovery 

of the fiber bundle after the pulse, it is necessary that the pulse 

dose be less than the permanent damage threshold for each fiber type. 

Otherwise the system will be permanently degraded and never return 

to an acceptable mode of operation. Based on this condition a pulse 

dose of lOOrad was selected for the two lead-silicate fibers, 106rad 

for the Schott fiber and 3'105rad for the Coming low-loss fiber. 

The column in Table XXIV labeled "out time" designates the lapsed 

time following the indicated pulse before the system begins to 

operate at an error rate of less than 10"8. It is anticipated that 

out time in the range of Is to 5s represents the maximum that can be 

tolerated in a military aircraft. 

Both the Galileo and Pilkington fibers have very low 

pulse dose thresholds and slow recovery during the transient. This 

behavior is characteristic of all lead-silicate fibers. Following 

a pulse of lOOrad of  Co gamma rays, the Galileo system will be 

lonfunctional for 27min and the Pilkington system will be non 

functional for 20s. The advantage in the Pilkington system is 

entirely due to the larger value of excess signal. Both of these 

systems are unacceptable for use in a military pulse radiation 

envi ronment. 

The Schott fiber gives the best transient performance 

of any fiber reported. Following a  Co gamma-ray pulse of 106rad, 

the Schott system will be nonfunctional for only 0.3s. The Schott 

fiber not only has a high pulse dose threshold but it also shows a 

much more rapid transient recovery than the lead-silicate fibers. 

The 0.3s out time of this system can probably be tolerated by most 

military avionics systems provided adequate fail safe mechanisms are 

designed into the terminal units in the data transmission system. 
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The radiation characteristics of the Schott fiber used to compute 

the values in Table XXIV were extrapolated from the Sandia Report55. 

Unfortunately, the peak transient absorption data presented for 

this fiber extend only to 600k rad at SOCnir, and 47k rad at 900nn; 

the transient measurements extend only to lys at 800nm and 0.1s 

at 470nm with no data at 900nm. The extrapolation to high dose 

levels is made even more difficult by the fact that the peak 

transient absorption saturates at higher dose levels. The transient 

recovery extrapolation at 900nm is compatible with data available59 

on BTL silica core fiber. The 900nm peak transient absorption 

extrapolation is compatible with the 800nm data out to 600k rad. 

More transient measurements need to be performed on the Schott 

fiber; the data should be extended to higher doses and longer times. 

The Coming low-loss fiber has a lower pulse threshold 

and faster transient recovery than the Schott fibers. Following a 

Co Gamma-ray pulse of 3*105rad, the Corning system will be non- 

functional for 1.9min. This relatively long out time is primarily 

the result of the pulse dose used. To achieve an out time of 0.3s 

in the Corning system, the dose must be reduced to S-lOVad, The 

Corning low loss fiber is therefore not suitable for use in military 

avionic systems operating in a pulse nuclear radiation environment. 

The transient attenuation induced in fiber optic bundles 

is higher (worse) at shorter wavelengths. The Sandia Report55 shows 

that this is true for both Si02 and plastic fibers. For a 1.0M rad 

dose the peak transient absorption of Crofon fibers at 700nm is 63 

times higher (worse) than the extrapolated Schott fiber at 900nm. 

This disadvantage for Crofon is partially offset by a faster transient 

recovery. The transient absorption of the Crofon decays to 10% of 

the peak value in 0.4s whereas the Schott fiber requires about 1.0s. 

Available data55 indicate that the Schott fiber at 900nm has a more 
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desirable pulse-gamma transient characteristic than Crofon fiber at 

700nm.   Again, considering the anticipated difficulty of achieving 

a high-performance 700nm LED, It appears more likely that improved 

transient attenuation characteristics will result from a Schott type 

fiber operated at 900nm rather than a plastic fiber operated at 
700nm. 

3.     Nuclear Pulse Response 

All of the semiconductor components In the system of 

Figure 98 will respond directly to a high dose rate of Ionizing 

radiation.    In addition. Ionizing radiation will cause the fiber 

optic bundle to luminesce In a broad spectrum with higher Intensity 

at short wavelengths.    The fiber optic luminescence will generate 

a photocurrent In the PIN photodiode.    All of these direct pulse 

responses persist only for the duration of the pulse of Ionizing 

radiation which will usually be less than lus.    The nuclear pulse 

response will have the effect of Injecting spurious bits Into the 
data channel which will cause errors to be generated for the duration 

of the pulse.    From Section IX.B* standard digital  ICs are tolerant 

of gamma-ray dose rates of 107rad/s and radiation hardened ICs 

function at dose rates up to 3»109rad/s.    Section IV.C* gives a 

gamma-ray dose rate threshold of 105rad/s for monolithic linear ICs. 

Properly designed hybrid linear circuits should tolerate dose rates 

up to lO'rad/s.    For a peak LED current of 100mA, a nuclear pulse 

light output equivalent to a 25mA bias will cause system errors. 

From Section VI.C* this corresponds to a gamma-ray dose rate of 

1.75'1010rad/s.     Therefore, the SPX 1775 will function properly 

at any gamma-ray dose rate up to that level. 

*In this Appendix. 
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For the Schott fiber system in Table XXIV, the optical 

signal power at the exit-end of the fiber optic bundle is 190yW. 

For a SPX 1777 responsivity of 0.5A/W this gives a PIN diode signal 

current of 95MA. A gaima-ray pulse response of 1/4 this value or 

23.75iiA will produce system errors. From Eq (258), the photodiode 

will give this current in response to a gamma-ray dose rate of 

29k rad/s. For the Corning fiber system, the optical power at the 

end of the fiber optic bundle is 115yW and the error signal power 

is 28.75yW. In this case, the SPX 1777 will cause system errors 

when the gamma-ray dose rate is 17.5k rad/s. 

The fiber optic luminescence output can be calculated 

from data presented in the Sandia Report55 for the Schott and 

Corning systems. It is assumed for these calculations that a lOOnm 

band pass optical filter centered at 900nm is used between the fiber 

optic bundle and the SPX 1777. 

For the Schott fiber the luminescence constant at 900nm 

is 1.2 x ICT^mW/cm-nm-rad-s"1 for 120 fibers with a core diameter 

of 4mil. Adjusting this luminescence constant to a 30m long 19 

fiber bundle and correcting for 1.5dB of inherent self absorption 

and the lOOnm filter gives a value of A.O'lO-^mW/rad-s-1. For a 

pulse power on the detector of 48pW the dose rate is 

R = 
48«10-3mW 

4'10_10mW/rad-s- 

R ■ 1.2-108rad/s 
(276) 

For the Corning fiber the luminescence constant at 900nm is 

8 x lO-^mW/cm-nm-rad-s-1 for a bundle of 64 fibers.    Adjusting this 

value for a 30m long 19 fiber bundle and correcting for 0.45dB of 

inherent self absorption and the lOOnm filter gives 6.5 x 10"lzmW/ 
rad-s-1.    For a pulse power on the detector of 28.75yW the dose 
rate is 
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R = 
28.75 x 10-3mW 

6.5 x 10'1:imW/rad-s 

R = 4.4 x 109rad/s 

1277) 

The Schott fiber has a luminescence constant that is 150 times higher 

(worse) than the Corning fiber. 

No definitive data is available for the luminescence of 

lead-silicate glasses. For a dose rate of 1.2 x 108rad/s it would 

require only 3us for the Galileo system to accumulate a total dose 

of 355rads which would cause system failure due to permanent damage. 

Comparing the nuclear pulse response error thresholds 

presented in the foregoing discussion shows that for the Schott and 

Corning systems the pulse response is dominated by the SPX 1777 

PIN photodiode. The dose rates presented in Table XXIV are for the 

photodiode. For a 30m length, the Schott and Corning fibers have 

about the same degree of pulse hardening as the radiation hard digital 

ICs. From the Sandia Report55, plastic fibers produce about 100 times 

more gamna-ray pulse luminescence than the Schott fiber and all fibers 

show pulse luminescence that peaks at short wavelength. Thus, there 

is a nuclear pulse hardening advantage in filtered operation of Schott 

or Corning fibers at 900nm as compared to plastic fibers at 700nm. 

The impact of the nuclear pulse response on system per- 

formance is not serious provided the system is designed for this 

environment. All digital and linear ICs must be designed to avoid 

latcn-up and self destruction as a result of the nuclear pulse. 

Regulated power supplies should be current limited to avoid component 

burn out for high dose-rate pulses. This is particularly true for the 

high-voltage bias supply on the PIN photodiode; a dose rate of 

1.2 x 109 rad/s will generate a current of 1.0A in the photodiode. 

A pulse current of Jiis magnitude could be desctructive if the bias 

voltage remained at 100V. 
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Assuming the circuits are proticted against burn-out, the 

major effect of a nuclear pulse is to cause system errors for the dur- 

ation of the pulse plus an additional settling time for all of the 

circuits to regain normal operating levels. It should be possible 

to keep this electrical settling time as short as the 0.3s out time 

required for the transient attenuation recovery of the Schott fiber — 

see Table XXIV. In a data bus, standard tests for nonstandard 

Manchester bits and parity checks will automatically reject all trans- 

missions made during the pulse and recovery period. These rejected 

words will be requested again after recovery from the pulse. 

C.   CONCLUSIONS AND RECOMMENDATIONS 

From Table XXIV the Schott fiber is shown to provide the best 

overall response in a nuclear radiation environment. Even so, the 

Schott fiber dominates the radiation performance of the system in 

every area pxcept nuclear pulse response which is limited by the PIN 

photodiode. 

For both plastic and SiOz fiber optic bundles, all degradation 

effects are more pronounced at short wavelength. Also, the Schott 

fiber operated at 900nm is superior to Crofon at 700nm on all major 

performance factors except speed of transient absorption recovery. 

For these reasons, the Schott type fiber optic bundles seem to offer 

the best probability of achieving radiation hard fibers. Research 

and devleopment on Schott type fibers at 900nm should receive priority 

over work on plastic fibers for use at shorter wavelengths. If sig- 

nificant reductions are made in the permanent neutron damage of fiber 

bundles,then effort will be required to neutron harden the PIN photo- 

diode. If the permanent gamma-ray damage in fibers is reduced, then 

gamma-ray hardening of the LED will be required. 
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More extensive transient absorption measurements are needed on Schott 

type fibers. Other manufacturers' fiber i.ptic products should be 

evaluated and measurements should be extended to higher doses and 

longer decay times. Doping studies should be performed to reduce 

the peak transient absorption in the Schott fibers and speed up the 

transient recovery. The exchange of deuterium for hydrogen in the 

hydroxyl concentration70 in the Schott type fibers looks promising 

for reducing the inherent absorption at 940nm. If this idea is 

successful, the deuterated silica fibers could be used with a single 

heterojunction InGaAs LED at 930nm. An InGaAs edge emitter offers a 

factor of 10 improvement in both output power and speed compared to 

present GaAs edge emitters. The InGaAs unit should have lower thermal 

resistance than the comparable structure in AlGaAs. 

The gamma-ray pulse response of the PIN photodiode is the 

dominating factor in the nuclear pulse response of the system. This 

nuclear pulse response can be reduced by decreasing the volume of 

the chip. A reduction factor of 25-30 can be achieved through proper 

chip design but a sophisticated package development effort will be 

required to minimize the loss of preirradiation system oerformance. 
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